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Abstract
From the moment of birth, there is a direct interaction to our environment. This is the main 
principle of learning (Sutton & Barto, 1998). For instance when a new-born is playing there is 
a sensory and motor connectivity to the environment by allowing the cause and effect 
information, the outcome of an action and the achievement of a goal to be learned (Sutton & 
Barto, 1998). Moreover, learning provides knowledge about us and our environment. Whether 
we learn to ride a bicycle in adolescence or learn to drive a car in adulthood we are conscious 
of the several responds to our actions, which we want to influence what is happening in our 
behaviour during the lifespan. Learning from interactions is considered as an important field 
of research, underlying all theories of behaviour. The approached theory we explored is called 
reinforcement learning and it is more goal directed learning from interaction. Previous work 
in this area has focused mainly to what extend people learn to make choices that lead to 
positive outcomes and avoid making those that lead to negative outcomes (Frank et al., 2004). 
This thesis extended this work by behaviourally investigating reinforcement learning across 
life span (7-55 years old). Using the reward bias coefficient (RBc) a measurement of an 
individual’s tendency to follow reward or avoid punishment, in the face of uncertainty, results 
demonstrated significant age differences in learning from positive and negative probablistic 
feedback between these age groups (7-10, 11-14, 15-18, 19-35 and 40-55 years old). This is 
the first study to compare qualitative changes in RBc across lifespan indicating the 
importance of positive and negative feedback learning in cognitive perfomance.
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Chapter One: Introduction
1.1. Synopsis
The central aim of this thesis is to contribute to the understanding of the underlying key 
mechanisms of cognitive reinforcment learning across the lifespan. We have selected a 
paradigm (Frank, Seeberger and O’Reilly, 2004), which has been shown to specifically test 
reward sensitivity to positive and negative feedback. The paradigm derives a reward bias 
coefficient (RBc) which indicates an individual’s bias in terms of their propensity to act upon 
previous positive or negative feedback events.
This field of research is not only of theoretical interest but provides knowledge of 
individual’s likely behaviour during reward-based learning and enables the generation of 
more accurate models which provide a better mean for running well controlled experiments. 
A relatively under-researched area in the field of cognitive reinforcement learning is the 
development of reward sensitivity fi*om positive and negative feedback across the lifespan. 
For that reason, this thesis contributes to this research area by studying the reward bias in 
healthy individuals covering the age range from 7 to 55 years old.
Chapter One introduces the notion of reinforcement learning, reviewing evidence, which 
demonstrate the existance of a reinforcement learning process (positive versus negative 
outcomes of decisions) in humans and animals. It also reviews the reward systems in terms of 
developmental and individual differences, an idea central to this thesis and discusses why it is 
important to study this in the content of learning across the lifespan. Finally, Chapter One
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defines the explicit experimental research aims of this thesis. Additionally, a brief overview 
of the cognitive reinforcment learning tasks, used in the thesis, is being provided. The section 
below offers a detailed description of the cogntive reinforcement learning paradigm, which 
was initially tested on Parkinson’s disease patients (Frank et al., 2004) and consequently on 
healthy participants for the reseach purposes of the thesis.
1.2. By carrot or Stick” Probabilistic Learning Tak in Parkisonism
The pioneering research of Frank et al. (2004) used a cognitive reinforcement probabilistic 
learning paradigm called “carrot or stick”, which permits the measurement of RBc. They first 
described the “carrot or stick” paradigm as a proverbial motivational approach that denotes 
the use of positive and negative reinforcement. It is named according to cart driver hanging a 
carrot in firont of a mule or striking it with a stick. The mule would move forwards to eat the 
carrot (reward) or continue moving the cart to avoid the stick (punishment). Both carrots and 
sticks are important for inducing human behaviour (Frank et al., 2004). Comprehensively, 
reinforcement learning processing in terms of cognitive performance (positive versus 
negative outcomes of decisions) has been widely studied exploring the key role of the 
neuromodulator dopamine. This field of research is not only of theoretical interest but 
appraises the use of the basal ganglia models (Frank et al., 2004) in an applied context and 
affords a cohesive explanation concerning the effects of the “carrot or stick” learning. The 
current thesis aims to provide knowledge on the existing work of Frank, Seeberger and 
O’Reilly (2004), by using this cognitive reinforcement learning paradigm on healthy 
individuals across the lifespan ranging from 7 to 55 years old.
As depicted in Figure 1, Parkinson’s disease patients (on and off dopamine medication) leam 
stimulus-outcome information when stimuli are presented in pairs. After training, stimuli are 
presented again in novel pairings during a test phase without feedback. This test phase makes 
it possible to dissociate positive from negative feedback learning by comparing responses to 
novel pairs that involve either the most or the least rewarded stimuli. During the paradigm 
participants select one stimulus with probabilistic feedback indicating whether or not this 
choice was correct. In each pair one symbol is associated more with positive feedback and the 
other with negative feedback. Three pairs of symbols are showed (AB, CD, BF) which were 
displayed randomly side by side on a computer screen. Each patient had to select one of the 
symbols using the keyboard. There was a predetermined probability of each symbol being 
correct. A was correct 80% of trials, B was correct 20% of trials, C was correct 70% of trials, 
D was correct 30% of trials and similarly with EF but with a 60:40 ratio.
Frank et al. (2004) tested reward bias by showing test pairs, which consisted of either the 
high (A) or low (B) valence symbol with one of the other pairs (C, D, E or F). When faced 
with a high (A) plus other (C, D, E, F) test pair patients with depleted dopamine failed to 
select the high valence (A) symbol, but patients on medication did select the rewarded option. 
When faced with the low (B) valence test pairs, patients with depleted levels of dopamine 
avoided the low valence symbol (B). Patients on dopamine medication (high levels of 
dopamine) failed to avoid the low valence symbols. He showed that patients ‘on’ dopamine 
medication had increased sensitivity to positively reward ‘win’ stimuli. Contrariwise, those 
with depleted levels of dopamine, ‘o ff medication, had increased sensitivity to ‘lose’ stimuli.
Probabilistic
Selection ^  <r>
A (80%) B (20%)
<n
C (70%) D (30%)
A (80%) B(20“/.) C(70».i) 0(30%) E (6C«i.) F (40%)
B
>— » All Subjects 
®— • •  Positive Learners 
♦  Negative Learners
Probabilistic Selection
Tost Performance
E (60%) F (40%)
<  70
65
Choose A Avoid B
Test Condition
Figure 1: The “carrot or stick” cognitive reinforcement learning paradigm with on and off dopamine medication 
Parkinson’s disease patients (Frank et al., 2004). (A) Each symbol (Hiragana characters) had a predetermined 
probability of being correct. The choice of one stimulus had to be made by the participants, which appeared in 
random order. B) Behavioral results: Positive learners (on dopamine medication) had an increased sensitivity to 
choose stimulus A more (learning from positive reinforcement) whereas, negative learners (off dopamine 
medication) had an increased sensitivity to avoid stimulus B (learning from negative reinforcement).
Due to the depleted levels of dopamine, Parkinson’s disease patients have an adequate ability 
in cognitive tasks, which are based on learning from negative feedback events (Frank et al., 
2004; Frank & Kong, 2008; Frank et al., 2007a; 2007b). These deficits are caused by 
dopamine, which is a neuromodulator in the basal (Frank et al., 2004). Dopamine plays an 
important role in reinforcement learning processes in animals and humans (Frank et al., 
2004). Dopamine levels have been found to influence positive versus negative feedback 
learning in the cognitive reinforcement learning paradigm such that increased dopamine is 
advantageous for learning from positive feedback through the direct pathway of the striatum 
and decreased dopamine is beneficial for learning from negative feedback via the indirect 
pathway (Frank et al., 2004; Frank et al., 2007a). In the main, the basal ganglia models offer 
dopamine alterations, which emerge throughout positive and negative reinforcement based on
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two distinct pathways in the basal ganglia. The ‘Go’ pathway is direct and its role is to 
support easy responding whereas the indirect or ‘NoGo’ pathway contains inhibitory 
responding (Figure 2). In other words, this task reveals that the feedback event during 
training had been more influential in guiding behaviour during novel test choices. Therefore, 
it provides a measure of whether an individual is more prone to choose options that lead to 
positive outcomes or more prone to leam to avoid options that lead to negative consequences, 
e.g. the proverbial motivational approach “carrot or stick” (Frank et al., 2004). We assume 
that within the healthy population there are inter-individual differences in dopamine levels 
and therefore a distribution of RBc.
Frontal Cortex“  excitatory 
O  inhibitory
m odulatory Striatum
Go NoGo
D2 thalamusD1
indirect
direct
GPi/SNrSNc
Figure 2: The “Go” and “NoGO” direct and indirect pathways in the basal ganglia (Frank et al., 2004). The 
“Go” cells decrease inhibition in the thalamus through inner section o f globus pallidus (GPi) facilitating action 
in cortex. Whereas in the “NoGo” pathway supresses action from being made. Dopamine from substantia nigra 
pars compacta (SNr) expands to dorsal striatum.
Findings from this study (Frank et a l, 2004) indicate that Parkinson’s disease patients 
without dopamine augmenting medication leam to avoid making choices that lead to negative 
consequences more than from choices leading to positive outcomes. Dopamine treatment 
leads to the opposite bias by making patients leam more from positive feedback than negative 
feedback. This pattem is based on the basal ganglia model in which dopamine is strongly 
connected to cognition. This model has two distinct pathways: the “Go” and “NoGo”
pathway in which responses are controlled by positive and negative reinforcement
correspondingly (Frank et al., 2004).
One fruitful line of investigation that has particular relevance to this thesis is the 
establishment and progression of “carrot or stick” cognitive reinforcement teaming in healthy 
populations aged 7 to 55 years old. Most importantly, this research purposes to test, how 
children aged 7-10 and adolescents aged 11-14 and 15-18 years old leam from positive and 
negative feedback compared to adults aged 19-55. Most importantly, what are the
characteristics of reward bias in children and adolescents? This research is the first to
behaviourally test RBc in children and adolescents (7-18 years of age) and provide a direct 
comparison to adults (19-55 years of age).
On the whole, it is fundamental to examine how children and adolescents leam from positive 
and negative feedback for educational purposes. Successful leaming lies at the basis of 
feedback leaming and results in the improvement of cognitive performance (van 
Duijvenvoorde et al., 2008). When presented with negative feedback, adults’ behaviour is 
more adjustable than children’s aged 8-11 (Crone et al., 2004). However, children’s cognitive 
performance is more successful when presented with positive feedback because it continues 
motivating their behaviour (van Duijvenvoorde et al., 2008).
The goal of this thesis is to investigate developmental differences related to the ability to use 
positive or negative feedback compared to adults. This will be the first study to examine how 
children and adolescents leam after receiving positive and negative feedback in the cognitive 
reinforcement task designed by Frank et al. (2004).
1.3. Theoretical Framework of Reward Processing
1.3.1. Reward Processing in Animals
Reward processing has been controlled by a neural network, which projects through the 
midbrain, the basal ganglia, limbic and frontal areas and can be segmented in several 
anatomical, biochemical and behavioural aspects (Breiter et al., 2001). It is involved from 
basic instincts like eating and sexuality to highly complex social aspects. Goal directed 
behaviour is essential to animals and humans (Breiter et al., 2001). Rewards are involved in 
important systems and aid in behavioural decisions (Fareri et al., 2008). Specific 
corticostriatal systems are involved in a general estimation process to guide behaviour by 
predicting potential rewards in the environment. A leading theory from animals suggested 
that dopamine presents a prediction error leaming signal that aids goal-directed behaviour 
(Schultz, Dayan & Montague, 1997). Reward processing has been widely examined on 
mammals discovering important anatomical and neurochemical similarities to the human 
reward processing system. However, this thesis will not extensively review reward 
processing in animals since the central research aim is to investigate reward sensitivity from 
positive and negative feedback across the lifespan. However, electric stimulation in 
combination with behavioural experiments has permitted a detailed analysis of reward 
processing on animals (Breiter et al., 2001).
Mainly knowledge, concerning reward information in the brain, is based on animal research. 
Information about reward sensitivity is essential for leaming relative to decision over various 
courses of events. Therefore, rewards are defined as desirable outcomes that are meant to 
influence behaviour. Consequently, rewards aim to serve different functions such as 
enhancing subjective feelings of pleasure, eliciting behaviour, increasing the frequency and 
intensity of behaviour, which result to rewards (Delgado, 2007). Therefore, human behaviour 
is controlled by our everyday actions (e.g. going to work, making chores for the daily 
routine).
Animal studies have shovm that when leaming a task there is an association with the 
biological purposes of this task (Domjan, 2000). Highly controlled laboratory studies, due to 
their invasive nature, are mainly focused on animal leaming because they provide a coherent 
framework of how leaming is developed and under which mechanisms (Domjan, 2000). 
Based on the psychological recordings of nonhuman primates various characteristics of 
dopamine neuron firing demonstrated an error-leaming signal prediction, which supports 
goal-directed behaviour (Schultz, Dayan & Montague, 1997). Initially, dopamine neurons fire 
after receiving unpredictable rewards to the primary predictor of a reward. For example, if an 
animal leams that a cue (light or a tone) could predict a reward through conditioning then the 
dopamine neurons will not fire during reward delivery. However, dopamine neurons signal a 
possible reward during the presence of the conditioned cue. Furthermore, reduction in firing 
of dopamine neurons is caused by the withdrawal of an expected reward (Schultz, Dayan & 
Montague, 1997).
Dopaminergic influence subsequently comprises more to the response of the reward, instead 
signalling disparities among predictable and received rewards resulting to a prediction error
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signal that designates the necessity to alter reward outcomes (Schultz, 2007). Animal studies 
and especially rats with electrodes located in the hypothalamus have provided with great 
motion to studies of the circuitry and the underlying mechanisms of reward-seeking 
behaviour (Camara et al., 2010). Findings from animal paradigms have provided with vast 
information concerning the role of dopamine in reward processing as well as the contribution 
of corticostriatal circuits in goal directed behaviour (Fareri et al., 2008). However, recent 
work in the field of neuroimaging has suggested novel techniques to enhance the knowledge 
concerning the multifaceted field of reward processing and decision-making in humans 
(Fareri et al., 2008).
1.3.2. Reward Processing in Humans
Reward processing is fundamental to human behaviour including behavioural aspects such as 
motivation, decision-making, goal seeking behaviour and leaming. This thesis is mainly 
focused on reward processing in leaming from positive and negative feedback. Reward 
processing in humans contributes in clinical research due to various psychiatric disorders. 
The idea that whether an individual leams more from positive or negative consequences 
fluctuates in dopamine concentration (Frank et al., 2004). Humans are able to leam 
associating their actions with consequences more flexibly than mammals (Frank & Claus,
2006). Additionally, humans can modify the probability of selecting a response based on 
previous experienced consequences and select the most adaptive behaviour (Frank & Claus, 
2006; Frank et al., 2004). Reward-seeking behaviour depends on the procedure of positive 
and negative information at different periods (e.g., anticipate the reward observing the 
outcome, and evaluating the choice). Behavioural and neuroimaging evidence recommended 
that processing of positive and negative reward may be individually intermpted (Liu et al..
2007). Hence, this thesis aims to behaviourally test reward processing across the lifespan on 
healthy populations (7-55 years of age), which has never be done.
During the human lifespan, behaviour is motivated by the exploration of pleasant and 
rewarding experiences. In the early life, human behaviour has been driven by instant rewards 
which satisfy primary needs (e.g., the need for food to satisfy hunger). However, as 
individuals get older they tend to look for more long term rewards (e.g., the pursuit of a 
succesful career). Rewards not only reflect natural and survival properties (e.g., food) but 
also have a high sense of abstraction. Based on this notion a new type of reinforcement was 
shaped as “secondary reinforcer” relative to “primary reinforcer”. Primary reinforcers are 
food (Wang, 2002; Kelley, 2002) fruit juice, water (Bems, 2001) or chocolate (Small, 2001) 
cause activation in the ventral striatum in the brain. Interestingly, food is processed through 
similar neural pathways across species. However, visual sexual stimulation (Bocher, 2001), 
beautiful faces (Kampe, 2001), music (Blood, 2001), humour (Mobbs, 2003), maternal and 
romantic love (Bartels, 2004) are considered as secondary reinforcers. Alcohol-addicted 
studies have shown activation of reward related structures in the brain when visual cues of 
alcohol were only displayed (George, 2001; Heinz, 2004) without direct cues of alcohol. 
Additionally, money is considered a well-researched secondary reinforcer (Bechara, 1999; 
Zalla, 2000; O'Doherty, 2001; Breiter, 2001; Knutson, 2001; Gehring, 2002; Akitsuki, 2003; 
Elliott, 2003). Money is strongly associated with primary rewards due to the cultural and 
social development. Reward properties are displayed in video games even if gambling does 
not include financial rewards (Koepp et al., 1998).
As mentioned earlier, the pursuit of primary reinforcers could be considered as a principal 
impact on human behaviour. Nonetheless, the concern of how rewards influence human
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behaviour remains primarily unresolved. In animal research, reward is established in an 
operant concept. A rewarding stimulus reinforces behaviour positively (Hull, 1943; Rescorla 
& Wagner, 1972; Robbins & Everitt, 1996), as a result consistently increases the probability 
of the behaviour. To overcome experimental difficulties, individuals could monitor parallel 
behavioural result, individual liking and neural response, throughout the task. In accordance 
to Bems et al. (2001) the human reward circuit activity is associated with the expectedness of 
an order of pleasant incentives rather than obviously specified likings. In a recent study, 
thirsty participants were administrated with liquid rewards (e.g., water, juice) either at 
predictable or unpredictable time intervals. Greater activity was observed in the ventral 
striatum and orbitofrontal cortex (OFC) when rewards were unpredictable and did not 
associate with individual preferences for specific liquid. Results highlighted the importance 
of cortico-striatal circuits in predicting potential rewards in the environment (Bems et al., 
2001). It is not surprising that the cortico-striatal circuits are sensitive to contingencies, 
predictability and learning, which are involved in a broad assessment process to guide 
behaviour. The main reason of this thesis is the intriguing study of rewards. Rewards have an 
important contribution to individuals either as primary or as secondary reinforcers (Delgado 
et al., 2000). Goal directed behaviours are guided by choices that seek reward or to avoid 
punishment. Hence, this thesis highlights the importance of examining in depth how reward 
from positive or negative feedback is processed by human behaviour (Delgado et al., 2000). 
The current thesis aims to test reward processing using secondary rewards (e.g. in Study 1 
participants have to earn as many points as possible by choosing the correct symbol) across 
the lifespan (7-55 years old) in the cognitive reinforcement learning paradigm by Frank et al. 
(2004). This learning includes significant age-related changes, which will be further reviewed 
in this chapter (Mell et al., 2005; Frank & Kong, 2008; Simon et al., 2010) and tested in the 
following chapters.
1 1
1.3.3. Rewards
Rewards are described as objects, events or goals that we pursue through effort, energy and 
allocation of time. Rewards influence behaviour and generate outcomes of decision-making 
(Arias-Carrion et al., 2010). Moreover, rewards can create feelings of pleasure. 
Reinforcement learning, innovation processing, learning, decision-making, financial choice, 
incentive motivation and addiction are all driven by rewards. The research of the behavioural 
and neural outcomes of reward and punishment has long being investigated since the early 
investigations of operant conditioning. In experiments the value of rewards is based on the 
strength of the reaction. Nevertheless, experimentalists and theoreticians take into 
consideration the implications of rewards especially the reward-elicited effects therefore 
possible difficulties in modelling reward response behaviour may occur (Camara et al., 
2010). Rewards are characterised as multi-sensory because reward information is extracted 
by the brain through somatic-sensory, auditory, visual and other sensory information 
(Schultz, 2009; Delgado, 2009). Goal directed behaviour is considered vital in all living 
organisms (humans and animals), which is created by reinforcement systems. Rewards 
produce value systems and offer signals for behavioural decisions. Rewards have a strong 
influence to on-going action related activity (Delgado et al., 2000).
It has been hypothesised that dopamine activity designates that the direct or imminent way of 
looking at rewards is better than expected (Arias-Carrion et al., 2010; Schultz, 2010). 
Through instrumental conditioning individuals can influence their proportion of reward and 
affect their environment (Arias-Carrion et al., 2010). Behaviourally based studies have 
indicated that dopamine neurons, which expand to the stiratum and the frontal cortex, are 
essential in reward mediation relative to learning and behaviour (Schultz, 2002; 2007; Arias-
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Carrion et al., 2010). Therefore, more information is required from animal studies, in which 
functional studies are possible.
Humans seek to maximise the rewards found in the environment, therefore they learn which 
choices can deliver the best outcomes. Findings from biological controls in learning (e.g. 
delayed food aversion learning) have become the basis for the systematic consideration of the 
functional issues of learning (Hinde & Stevenson-Hinde, 1973). Experience over time can 
facilitate learning in terms of which choice will optimise rewards and diminish punishments 
(Delgado et al., 2005). Consequently, to do so humans or animals will pursuit the rewarding 
choices on trial and error basis highlighting the importance of brain mechanisms, which 
backup primary learning possibilities, which in return lead to rewards (Delgado et al., 2005). 
In contrast to punishers, which result to an avoidance behaviour, rewards comprise three 
basic functions. Initially, rewards stimulate consummatory behaviour and have a goal 
directed role in voluntary behaviour (Schultz, 2001; 2002; 2009). Secondly, rewards function 
as positive reinforcers, by optimising the occurrence and strength of behaviour leading to 
learning and maintaining the learned behaviour, thus, the so called “coming back for more” in 
accordance to Schultz (2001; 2002; 2009). Lastly, rewards create feelings of pleasure create 
positive emotional conditions (Schultz, 2001; 2002; 2009). Reward based learning is aligned 
on “error” between the estimation and the occurrence of reward (Rescorla & Wagner, 1972).
Throughout learning, reward is unpredicted consequently, reward is gradually predicted and 
learning is slowed (Schultz, 2001; 2002; 2009). Behavioural theories are essential to examine 
reward functions because they can hypothesise the diverse consequences of rewards on 
behaviour. Animal learning theory and economic decision theories have showed to provide 
the framework for the analysis of neural reward processing mechanisms. Rewards provoke
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modifications in observable behaviour and act as positive reinforces by increasing the 
occurrence of the behaviour those results in reward (Schultz, 2009).
Reward system elicits behaviours and couples them with consequences (White, 1989; Young, 
1959). The reward system contributes in the emotional process of noticeable positive or 
negative feedback (Schultz, 2009). Reward expectation can strongly influence individual 
decisions and actions and the changes between expected and real outcome can be utilised to 
enhance behaviour. The evaluation of competence and accomplishment of performance is 
essential in monitoring and employing suitable behavioural modifications. According to 
Ridderinkhof et al. (2004) individuals can use undelivered anticipated rewards in order to 
learn action-reward possibilities.
1.3.4. Structures o f  Human Reward Processing
In the following section, the main structures involved in reward-related behaviour comprising 
the relation to learning and motivational circuits, will be reviewed. Reward related networks 
are evidence for reward valuation, anticipation and addiction (Camara et al., 2010). 
Dopamine (DA) is a neurotransmitter located in the central nervous system (Arias-Carrion et 
al., 2010). It is responsible for movement control due to striatal depletion in Parkinson’s 
disease and motor deficits. It has been demonstrated that dopamine is associated to reward 
processing and learning (Arias-Carrion et al., 2010). Dopamine is thoroughly connected to 
behaviours, which seek rewards (Frank et al. 2004). However, exactly how dopamine 
influences behavioural choice concerning accessible rewards remains unclear. There is no 
direct association of dopamine with striatal plasticity and reward-seeking behaviour in 
humans. Dopaminergic neurons are positioned in the ventral tegmental area (VTA) and the
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midbrain structures substantia nigra (SNc). Dopamine axons expand to the striatum (caudate 
nucleus, putamen and ventral striatum including nucleus accumbens), the dorsal and ventral 
prefrontal cortex (Figure 3). Moreover, reward related brain structures include the 
supplementary motor area in the frontal lobe, the rhinal cortex in the temporal lobe, the 
pallidum and subthalamic nucleus in the basal ganglia, and a few  others (Arias-Carrion et ah, 
2010).
Prefrontal Striatum
N ucleus
VTAMesO'Cortic pathway
M eso-limbic pathway
Nigrostriatal pathway
Figure 3; Dopaminergic neurons are located in the midbrain structures substantia nigra (SNc) and the ventral 
tegmental area (VTA). The dopamine system includes the mesolimbic (depicted in green colour) and 
mesocortical pathway (depicted in blue colour), which arise from VTA. The nigrostriatal system (depicted in red 
colour) originates in the SNc and extends its fibers into the caudate-putamen nucleus (Arias-Carrion et al., 
2010 ).
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1.3.5. Developmental changes in Dopamine
This section refers to the neural developmental modifications of dopamine systems. 
Interestingly, throughout adolescence, dopamine levels increase dramatically when rewarding 
events occur in the environment (Laviola et al., 2003). Consequently, as in Stamford (1989) 
when adolescent rats exhibited low dopamine releases that was attributed to the need for 
more rewards, which therefore increased dopamine release compared to adult rats (Laviola et 
al., 2003). Greater dopamine release will be shown in the presence of a reinforcing feedback 
event, which then simulates goal-directed behaviour (Laviola et al., 2003). Mainly, evidence 
derives from animal models of striatal circuitry and dopamine system (Galvan, 2010). 
Significant changes are presented in the dopamine system during development and especially 
in adolescence due to the increased levels of dopamine in the striatum (Andersen et al., 1997; 
Galvan, 2010). Conversely, studies have shown that adolescent rats demonstrate low levels of 
dopamine in the nucleus accumbens (NAc) compared to other adolescent and adult animals 
(Andersen et al., 1997; Galvan, 2010).
In reward related learning, dopamine is considered as a teaching signal, which provides 
information concerning the presentation of rewards. Research proposes that reward 
processing (primary and secondary reinforcers) depends on cortico-striatal circuitry, which is 
involved in goal-directed behaviour (O’Doherty, Deichmann, Critchley, & Dolan, 2002) and 
ventral striatum BOLD signals associated to craving (Breiter et al., 1997; Fareri et al., 2008). 
Activity in cortico-striatal circuits is modulated by the predictability of rewards. For example, 
several studies designate that dopamine receptors for example D1 in the rat striatum increase 
over the childhood period at postnatal day (PD) 20-35 of the rodent, peak in adolescence 
approximately at PD 35-40 and decrease in adulthood (Galvan, 2010; Andersen et al., 1997). 
Moreover, there is an increased activation of dopamine receptors in the prefrontal cortex than
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Brenhouse et al., 2008). Post-mortem evidence have shown significant changes in dopamine 
levels in the striatum, during the adolescent era, which then is absent in adulthood, indicating 
developmental declines (Galvan, 2010). Both rodent and post-mortem studies have provided 
the framework of dopamine system affecting adolescence in terms of the modulation of 
reward processing (Galvan, 2001, Andersen et al., 2007; Brenhouse et al., 2008).
1.3.6. Reward Processing and Age Differences
This section is of great importance because this thesis aims to test age-related differences 
across the lifespan in learning firom positive and negative feedback. Most studies on reward 
based learning and decision-making have been limited to tasks that can only tap frontal- 
dependent decision making processes. For example, the Iowa gambling task (Bechara et al.,
1994) assesses working memory through trial-to-trial learning of reinforcement possibilities 
and has been used to investigate decision-making associated with the ventromedial prefrontal 
cortex in older adults (Denburg, Tranel, & Bechara, 2005).
This focuses on fi'ontal-based processes has been driven by the “frontal lobe hypothesis of 
aging” (West, 1996), which suggests that impairments on frontal-dependent cognitive tasks 
are based on age-related structural changes in associated regions for example 
disproportionate age-related loss of frontal brain volume (Head, Snyder, Girton, Morris, & 
Buckner, 2005; Raz, 2000). Results from these studies indicate the importance of being able 
to investigate in depth how reward learning develops with age (Simon et al., 2010). The aim 
of this thesis is to behaviourally examine developmental differences in reward processing to 
positive or negative reinforcement in children (7-10 years of age), adolescents (11-14 and 15- 
18 year old) and adults (19-55 years old).
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Age differences in the striatum relative to the implications for learning and decision-making 
have been largely ignored despite consistent and robust findings of age differences in this 
region, including increases in iron deposits (Raz, 2000) and reductions in volume (Simon et 
al., 2010) and dopamine receptor density (Larisch et al., 1998; Pohjalainen, Rinne, Nagren, 
Syvalahti, & Hietala, 1998; Rinne, 1987; Rinne, Lonnberg, & Marjamaki, 1990; Wong et al., 
1984; Wong, Young, Wilson, Meltzer, & Gjedde, 1997). In fact, neuronal damage similar to 
Parkinson disease has been observed in substantia nigra dopaminergic cells of healthy adults 
over 70 years of age, with similar findings expected within the neostriatum (Kraytsberg et al.,
2006). It is likely that these age-related losses of dopamine in striatal networks affect the 
functional processes of feedback-based learning and ultimately, decision making in older 
adulthood, consistent with a dopamine hypothesis of cognitive aging (Backman, Nyberg, 
Lindenberger, Li, & Farde, 2006).
Few studies that have considered age-related striatal dysfunction or dopamine losses and 
feedback-based learning have reported age differences (Mell et al., 2005; Weiler, Bellebaum, 
& Daum, 2008). For instance, initial functional imaging data mentioned by Marschner et al. 
(2005) presented reduced ventral striatal activation among older adults with impaired reward 
processing during probabilistic reversal learning, suggesting that ventral striatum dysfunction 
plays a role in altering the reward system and decision making in older adults. Additionally, 
Frank and Kong (2008) found age-related behavioural differences in feedback learning in 
older adulthood, which they believed were the result of age-related striatal dopamine 
declines. Therefore, based on this existing work, this research will go beyond these age- 
related differences in fMRI reward processing and behaviorally test RBc from the young age 
of 7 years old.
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When given the cognitive reinforcement learning task, a group in their upper-seventies 
demonstrated a greater tendency to learn from negative feedback relative to positive feedback 
than adults just 10 years younger. The latter young-old group actually demonstrated no 
specific bias towards learning from positive or negative feedback. As a group, these young- 
old adults learned equally well from both. Moreover, the old-old adults demonstrated a 
reduction in the frontal-based trial-to-trial learning from positive feedback during training 
when compared with the young-old adults. Overall, such findings suggest that feedback 
learning does change during the later years of life, perhaps due to changes in fronto-striatal 
regions that accompany aging (Mell et al., 2005).
Previous neuropsychological work as stated above indicates the importance of being able to 
examine under which mechanisms feedback learning is developed. Therefore the current 
thesis extended previous work on feedback-based learning behaviorally in two ways. 
Initially, a direct comparison of healthy children and adolescents, college-aged and young-old 
adults on the cognitive reinforcement learning task by Frank et al. (2004) will be applied. The 
comparison studies within this thesis aim to test whether possible significant age related 
differences would reveal the way an individual responds to positive and negative feedback 
when faced with a certain choice and how this process advances in the period of time.
Young-old group as well as groups of similar ages in their other studies, have shown 
balanced learning from positive and negative feedback (Frank et al., 2004; Frank & Kong
2008), while young adult groups in other studies have also shown this balanced pattern 
(Frank & O'Reilly, 2006; Frank, Woroch, & Curran, 2005). This is important because 
changes in striatal brain regions start in early adulthood with monotonie dopamine declines 
beginning in the early 20’s (van Dyck et al., 2002). Therefore, based on a dopamine
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hypothesis of aging we anticipate an age by RBc interaction. Therefore, this thesis, intends to 
investigate behavioural differences in healthy young adults (>19 years of age) and healthy 
adults (> 40 years of age) using stimulus-outcome information (Frank et al., 2004) to 
determine whether participants would learn more positive or negative feedback. According to 
Simon et al. (2010) when college-aged adults {M = 18.9 years) and older adults (M = 70.3 
years) were tested in the Frank et al. (2004) paradigm college-aged adults were more 
sensitive to positive feedback whereas, older adults tended to be more negative learners.
The second way in which this thesis will go beyond previous work is by investigating 
whether these group patterns of feedback learning hold at the individual level. In earlier 
reports it was not possible to tell the extent to which individuals display balanced versus 
biased learning since only group data are reported. For example, Frank’s earlier results 
(Frank et al., 2004; Frank & Kong, 2008) propose that as a group, young-old adults are 
balanced learners, in that they learn equally well from both positive and negative outcomes. 
But, such group data could mean either that individual young-old adults tend to be balanced 
learners, as previous studies claim, or that approximately equal numbers of individuals in the 
group show a positive feedback bias versus a negative bias. In the latter case, characterizing 
older people as balanced learners is misleading; group dynamics of aging may not apply at 
the individual level (Hofer & Sliwinski, 2001).
The distinction is also important theoretically given that there are large individual differences 
in dopamine levels in older adults (Backman et al., 2000) and in the rate of dopamine decline 
shown by individuals (Reeves et al., 2002). The dopamine hypothesis of aging would predict 
that older people of a given age would differ from each other in the extent to which they 
show positive versus negative feedback learning biases. Similarities between age groups on
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this measure would suggest that any age related differences observed in learning from 
positive or negative consequences are more likely due to differences in striatal based 
processes than frontal based strategies or overall impairment.
1.3.7. Adolescence
Adolescence takes place in the second decade of life and is characterized by chaotic changes 
in the body, brain anatomy and physiology and therefore is a procedure or series of “soft 
events” (Spear, 2000; Barton, 2009). It exemplifies the phase among the onset of puberty and 
adulthood when the individual identifies and processes the sense of self in terms of social 
values, personal values, and future goals. The use of the terms puberty versus adolescence in 
this literature review will highlight the timing of the developmental period. Despite the fact 
that puberty in the adolescent epoch differs remarkably between human adolescents (Rakic et 
al., 1986; Petersen, 1998). It is a time characterized by developmental brain and behavioural 
changes. The maturation of neural structures changes their functionality, followed by 
behavioural changes (Casey, Galvan & Hare, 2005; 2008). During adolescence there is a 
high rate of risky decision-making (e.g. drug use, careless driving) with possible negative 
long term consequences. Adolescence is characterised by risky behaviour due to the 
functional and structural modifications that occur within this era in the reward circuitty of 
human brain and rewards have a key role for individual and gene existence (Delgado et al., 
2000; Fareri, Martin, & Delgado, 2008).
During adolescence, important changes in reward processing and increased risk taking are 
observed indicating neural differences in cortico-striatal reward circuitry compared to adults. 
Thus it can be argued that there is an enhanced sensitivity to rewards and less developed
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regulatory functions. Dysfunctions in this circuitry indicate underlying different clinical and 
developmental conditions. However, it is still unclear whether developmental differences 
occur as a function of decision-making hence experimental paradigms of reward processing 
use incentives attained with or without decision-making. No direct experiment tested these 
two events before. Discrete cognitive processes involved in reward anticipation compared to 
receipt alter age specific effects on decision-making.
1.3.8. Theories o f Reward Related Behaviour in Adolescents
Intense behavioural changes occur in adolescence (Galvan, 2010, Steinberg, 2005). The 
behavioural changes are mainly guided by rewards (innovative, s financial, social rewards) 
and by the dopamine system (Galvan, 2010, Steinberg, 2005). Little is known about the key 
modulations of the reward system across development and how reward-driven behaviour of 
adolescents is displayed. Moreover, it is not sure if the striatal system of adolescent reward- 
driven behaviour is hypo-responsive or hyper-responsive during development (Galvan, 
2010).
Reward seeking and risk taking in adolescence causes deficit in the motivational circuitry 
(Galvan, 2010; Bjork et al., 2004). According to Larson and Asmussen, (1991) this is based 
on the theory of adolescent anhedonia (lack of the feeling of pleasure), adults require more 
presentation of reward stimuli in order to achieve this activation (Galvan, 2010). Supporting 
evidence have shown that there are distinct differences in adolescents and adults in terms of 
perceiving pleasure because adolescents demonstrate an increase in depressed mood 
compared to younger and older adults (Larson & Asmussen, 1991). Moreover, based on self- 
reports (Galvan, 2010) adolescents show less pleasurable feelings than adults. For instance.
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adolescents are less intrigued by sugar relative to children (Galvan, 2010). In accordance to 
Spear (2000) adolescents are less driven by rewarding stimuli, which result in an increase in 
reward seeking and therefore there is an increase activity in dopamine-related circuitry.
Conversely, there is an oppose theory suggesting in rewarding events an increased 
dopaminergic release in the ventral striatal during adolescence triggers adolescent reward- 
related behaviour (Chambers et al., 2003; Galvan, 2010). Based on this theory during 
adolescence behaviour is directed by appetitive rewards. Adolescents are enthused in 
engaging in reward behaviours due to developmental striatal changes, which lead to 
hypersensitivity in reward (Ernst et al., 2009; Galvan, 2010).
1.3.9. What adolescents find rewarding?
Many studies on reward processing have utilised monetary cues since it is an efficient method 
to manipulate during trials (Galvan, 2010). Moreover, money has been used widely in adult 
populations. Interestingly, children and adolescents are more motivated by other rewards 
(social, novel and primary rewards) than money (Galvan, 2010). What adolescents find 
rewarding could alter during development relative to children and adults in terms of the 
dopamine system? Children find sugar or other primary rewards more intriguing whereas 
adolescents are fascinated by peer interaction (Galvan et al. 2007; Galvan, 2010). 
Adolescents compared to children and adults characterise risk-taking behaviour as “fun” and 
rewarding (Maggs et al., 1995; Steinberg, 2004).
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1.3.10. Reward Processing in Adolescents (fMRI insights)
Magnetic resonance imaging (MRI) techniques provide a non-invasive brain measurement of 
developmental changes in the human brain with high-resolution anatomical images (Giedd et 
al., 1999). Neuroimaging studies have indicated an increase in the cerebral white matter in 
children and adults (Giedd et al., 1999). However, significant anatomical differences in the 
frontal lobes and the striatum show immaturity during adolescence relative to adulthood 
(Galvan, 2010). Moreover, continuing plasticity in these regions facilitate dopamine related 
behaviours and learning (Galvan, 2010). Reward based paradigms in adults have 
demonstrated a strong effect of reward activity in striatum (Knutson et al., 2001). In terms of 
developmental studies using monetary and non-monetary rewards children and adolescents 
exhibited the same regional activity as adults (Giedd et al., 1999; Galvan et al., 2006; Bjork et 
al., 2004). In the field of cognitive developmental neuroscience it has long been argued how 
children and adolescents differ from adults.
Developmental studies using fMRI techniques highlight two main findings. Firstly, there is 
less engagement of ventral striatum when anticipating rewards relative to adults (Bjork et al.,
2004). In an existing study early-adolescents, mid-adolescents and adults were tested on the 
monetary incentive delay task (MID). In this task each participant faced one cue out of seven, 
followed by a choice of a target in order to retrieve feedback (correct or incorrect). Results 
indicated similar response across sample with significant neural differences within the age 
groups specifically adolescents exhibited less ventral activation when in anticipation of 
reward compared to adults (Bjork et al., 2004). However, no group differences in response to 
feedback appeared during the trial. The above results were inferred as ventral activation
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deficit in adolescence thus, they involve in risky behaviours in order to reimburse low ventral 
striatal activity (Spear, 2000).
On the contrary, other neuroimaging studies have shown an increased activity in this region 
relative to reward (Galvan et al., 2006) using a child-friendly task in the scanner, with distinct 
reward cues following positive feedback. Adolescents displayed increased heightened ventral 
striatal activation in anticipation of reward. Same findings are present in the study by Ernst et 
al. (2005) using a monetary probabilistic reward task indicating greater activity in left Nacc 
than adults during rewarded stimuli “win”. These results are not in line the hypothesis of 
Bjork et al. (2004) leading to another hypothesis of excessively increased activation of the 
ventral striatal reward circuitry during adolescent neural development and behaviour (Galvan, 
2004; Chambers et al., 2003). Adolescents illustrated greater striatal activation than children 
or adults in response to reward receipt even when reward is not based on behaviour but on 
fMRI experiment. Consequently there are not differences in motivation (Galvan, 2004; van 
Leijenhorst et al., 2009).
There is a wide range of task designs used to examine the reward magnitude (Bjork et al., 
2004; Galvan et al., 2006), reward probability (May et al., 2004; van Leijenhorst et al., 2009; 
Ernst et al., 2005; Eshel et al., 2007) reward depend of behaviour as mentioned above (van 
Leijenhorst et al., 2009), rewards including reaction time (Bjork et al., 2004) and response 
accuracy (Ernst et al., 2005; Galvan et al., 2006; Eshel et al., 2007). However, despite the 
developmental differences task choice could seriously affect children and adolescents’ 
engagement during the experiment. Some tasks have been designed to maximize children’s 
attention during the task using cartoon stimuli (e.g. “your goal is to help the pirate in this 
video game earn as much money as possible”), (Galvan et al., 2006; van Leijenhorst et al..
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2009). The same is applicable for this thesis (Study 2) (e.g., ''your goal is to save the princess 
in this computer game ”), which would be further described.
Other studies implemented tasks that were designed for adults (Bjork et al., 2004). However, 
this has been found problematic for many reasons. Firstly, this denotes that children and 
adolescents will comprehend the tasks as well as adults. Secondly, such action can result in a 
wider carelessness of the concerns made when testing children and adolescents (Galvan, 
2010; van Duijvenvoorde et al., 2008). The neural circuit of reward processing is a 
multifaceted association of cortical, executive, regulatory areas and subcortical primitive and 
emotion related areas. During development, both cortical and subcortical regions continue to 
develop into young adulthood. Consequently, during the developmental period important 
behavioural and functional neural modifications occur.
Therefore, based on the above implications, this thesis would go beyond these evidences by 
introducing a child-friendly task design to examine whether children and adolescents would 
demonstrate more cognitive performance compared to the “carrot or stick” paradigm (Frank 
et al., 2004). Thoroughly, this thesis aims modify the adult-appropriate task “by carrot or 
stick” and test reward sensitivity from positive and negative feedback in children and 
adolescents (aged to 7-18) using a more action based feedback (e.g. insert animated cartoons) 
to increase engagement during the task.
Developmental differences in specific brain regions and activation during reward anticipation 
have been observed on decision-making tasks (Ernst et al., 2005; Forbes et al., 2010; van 
Leijenhorst et al., 2010a; Eshel et al., 2007; van Leijenhorst et al., 2010a; Eshel et al., 2007). 
Conversely, developmental differences in the insular cortex (Bjork et al., 2010) and striatum
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(Bjork et al., 2004) during reward anticipation, but no developmental differences during 
reward receipt (Bjork et al., 2004; 2010) are observed in experimental tasks with no decision­
making. Finally, reward magnitude may further impact these developmental differences 
(Bjork et al., 2004; Galvan et al., 2006; van Leijenhorst et al., 2010a).
Based on existing developmental theories, adults relative to adolescents are more likely to 
engage in top-down processes (Jarcho et al., 2012). These processes are characterised as 
reward driven and require substantial attention and cognitive control. In contrast, adolescents 
compared to adults are more likely to employ bottom-up processes. Stimulus features, such as 
high salience due to affective content, determine these processes. This contradiction reveals 
the power of saliency-driven versus goal-driven behaviour across adolescence despite the 
reliability of top-down processes in this age group (Ernst et al., 2012; Ernst & Fudge, 2009). 
Decision-making plays a key role in feedback learning, due to the cognitive processes it 
comprises, such as discriminative attention, value appraisal, formation of a preference and an 
action execution (Ernst & Paulus, 2005). These cognitive processes involved in decision­
making are executive functions that are based on prefrontal neural circuitry and moderate 
subcortical activity (Elliott et al., 1999).
Recent studies have investigated whether children leam to expect specific frequencies of 
reinforcement in their everyday life. According to Stevenson and Zingler, (1985) children 
living in a normal responsive environment develop higher expectancy of reinforcement. Child 
development encompasses all changes, which occur due to maturation, genetically controlled 
processes, or due to an interaction in environmental factors and learning. Furthermore, these 
changes occur due to the ability to leam from and adapt to the environment. Other 
developmental studies have demonstrated that adolescents are vulnerable to gambling
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(Chambers & Potenza, 2003) and addiction (Chambers et ah, 2003).
Neurodevelopmental procedures in adolescence take place in brain regions related to 
motivation and impulsive behaviour. During normal neurodevelopment the frontal cortical 
systems are immature indicating impulsivity. It is essential to examine the developmental 
changes in neural circuitry in terms of impulse control for understanding adolescent 
behaviour (Chambers, 2003). The development of cortico-striatal circuits plays a key role in 
increased risk taking behaviour during adolescence (Durston & Casey, 2006; Sowell, 
Thompson, Holmes, Jemigan, & Toga, 1999). Brain structure and function maturation may 
be containing underlying risk taking preferences in adolescents. However, adolescents 
reliably depend on bottom up processes that are guided by stimulus features (e.g. high 
salience due to affective content).
Adolescents respond differently in the same appealing contexts. Sturman and Moghaddam, 
(2012) demonstrated that differences in neural processing of adolescents are located in the 
dorsal striatum (DS), a region involved in learning and habit formation highly responsive to 
reward but not in adults. Adolescents specifically obtain a great proportion of neurons in the 
DS, which is activated when one anticipates a reward. This study demonstrated a mechanism 
of how rewards shape adolescent behaviour differently than in adults and the existence of 
increased vulnerabilities to affective disorders. Throughout adolescence countless 
neurodevelopmental changes occur which affect the process of salient rewarding stimuli. 
Sturman and Moghaddam (2012) found that DS, a region that is linked to the formation of 
habits and adaptive control of behavioural patterns is activated in adolescents but not in 
adults in terms of reward. These results demonstrated that during adolescence there is a local
28
heterogeneity related to reward processing in the development of the basal ganglia (Sturman 
& Moghaddam, 2012).
1.3.11. Reward Anticipation and Receipt in Adolescence
Little research has been made in terms of investigating developmental differences relative to 
differences in neural sensitivity to large and small incentives during reward anticipation or 
receipt. It is recommended that researchers, when using neuroimaging, should examine 
developmental differences in reward processing carefully and take into consideration the 
precise nature of key task parameters (e.g. need to make choices and the magnitude of the 
reward at stake). Therefore, the aim of this thesis is to examine developmental differences in 
behavioural response during reward anticipation and/or receipt in children/adolescents (7-18 
year old). Additionally, test reward processing in adults (19-55 years old) and have a direct 
comparison within the current developmental population and adulthood. This learning 
includes a variety of brain regions such as the striatum and the prefrontal cortex (Schultz, 
2000) both of which undergo significant age-related changes. However, the current research 
would not look into neuroimaging reward processing.
1.3.12. Individual Differences in Reward Processing in Developmental Populations
Not all adolescents seek for rewards. Few developmental studies have been conducted 
relative to reward processing and behaviour. Risk-taking behaviours and reward-seeking 
behaviours are frequently used in individuals (Galvan, 2004; Tom et al., 2007). In a recent 
study by Galvan et al. (2007) individual differences and neural reward processing in fMRI 
were investigated relative to risk-taking and impulsivity between the age range of 7 and 29
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years. Results showed that during adolescence there is an increased risky behaviour, which is 
positively correlated to activity in nucleus accumbens (Nac) and ventral striatum. More 
general, some adolescents tend to engage more in risky behaviours because of the dopamine 
developmental changes. More studies like this one are needed to further investigate 
individual differences during childhood and adolescence in reward processing as well as 
whether gender and age can contribute to reward systems.
1.3.13. Reward Processing in Adults (Neuroimaging insights)
Reward processing in adulthood is directed by a specific neural network which projects 
through the midbrain, basal ganglia limbic and frontal areas. It can be divided into many 
anatomical, biochemical and behavioural aspects. This system is strongly linked to primary 
reinforcers and to complex social aspects. Moverover, it can be divided into anticipation, 
salience, arousal and experience of reward (Breiter et al., 2001). It is important to take into 
consideration the fact that reward related aspects (e.g. decision making, motivation, impulse 
control, goal directed behaviour and learning) are well established in the reward system and 
cannot be isolated from reward processing (Breiter et al., 2001).
The ability to leam the reward value of stimuli is based on intelligent behaviour and can it 
can be modified based on the conditions of an individual. Interestingly, there is a lack 
concerning the human neural system. For example, damage to the ventral prefrontal cortex of 
Phineas Gage resulted in personality changes (diminished impulse control and changes in 
emotional and motivational state), moreover, it has been proposed that these variations are 
connected to central modifications of adaptable reward learning stimulus (Fellows & Farah, 
2003). Stimulus reinforcement association learning and reversal learning were measured by
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the use of a card game with monetary risks. There were two cards presented at participants 
from two packs of different colours and each pack had a predetermined win of $50 and the 
other a $50 loss. Based on the feedback provided, contingencies were swapped after the 
learning session (Fellows & Farah, 2003). This constitutes the reversal phase of the task. The 
existence of neural circuitry specialized for rapidly unlearning or suppressing the influence of 
an established stimulus-reinforcement association is counter-intuitive. The findings from this 
study indicated the existence of this mechanism in humans and that anatomically it is 
separated from the neural substrates that mediate the preliminary learning process (Fellows & 
Farah, 2003).
Individuals have the propensity to adjust the amount of effort they use based on the 
magnitude of reward they anticipate. This procedure has been recommended as a 
motivational concept (Robbins et al., 1996; Berridge, 2004; Schultz, 2006; Pessglione et al., 
2007). Moreover, it is proposed that motivation can be unconscious. For instance, an 
individual may not be aware of the goals or rewards that form a specific behaviour. However, 
experimental evidence is missing and possible brain mechanisms involved in anticipated 
rewards into behavioural activation are not well comprehended (Pessiglione et al., 2007). 
Therefore, based on these limitations it is important to further test reward processing in order 
to have a clear understanding how individuals behaviourally respond to positive and negative 
feedback across the lifespan.
Expectations, positive or negative are modulating factors influencing behaviour (Scott et al.,
2007). A well-known phenomenon with several individual experiences is the extent to which 
our positive or negative expectations about an event, guide behaviour to ensure future reward 
achievement or to avoid negative outcome. It is thought that specific neural circuits linking
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cognition and emotion mediate these effects additionally motor responses have been 
traditionally studied in the context of the pursuit of natural (food), monetary and drug 
rewards (Tom et al., 2007). However, individual expectancies also shape the actual 
perception and experience of events not just motivated behaviour. For example, the 
anticipation that a harmful trial would be of higher or lower intensity has been shown to 
increase and diminish subjective report as well as the brain regional responses to otherwise 
identical stimuli.
In humans, the neural responses to expectancies, gains and losses, have been studied in the 
context of gambling where brain responses to potential expectancies are related to 
individuals’ initial expectations. Framed in the context of prospect theory (Kahneman & 
Tversky, 1979) and decision affect theory (Mellers et al., 1997) potential gains are evaluated 
depending on the risk for loss leading to decisions that neglect the actual gains or losses in 
monetary terms. For instance, the absence of gain is evaluated positively if a loss was 
expected and negatively if a gain was the initial expectation, although the outcome was the 
same in either case. Positive expectations, outcomes and counterfactual comparisons, 
relationship between anticipated and obtained outcomes, have been shown to linearly 
increase the activity of the nucleus accumbens (NAc) in fMRI studies (Breiter et al., 2001; 
Knutson et al., 2005; Tom et al., 2007). Delgado et al. (2000) used an fMRI with a simple 
card game with either rewarding punishing or neutral feedback events (Delgado et al., 2000). 
Brain regions in terms of reward processing were activated whereas, no reward activated 
areas such as sensory regions and bilateral fusiform gyrus showed a similar pattern of 
activation despite the valence of the feedback. The pattern in reward-related areas (basal 
ganglia) was activated differently between reward and punishment. In summary, this study 
(Delgado et al., 2000) investigated how the human reward circuitry works and examined how
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failures in the normal circuitry could arouse to addictive and mood disorders (Delgado et al., 
2000). Additionally, in the reinforcement theory by Holroyd and Coles (2002) learning the 
connection between actions and consequences helps individuals to be more adaptive in the 
environment by increasing the occurrence of rewarded and decreasing the occurrence of non­
rewarded behaviour. Authors have modified the probabilistic feedback-based learning task of 
Frank et al. (2004) in order to investigate the impact of feedback probability on the FRN. The 
FRN is an event-related potentials (ERPs) component, which refers to the anterior cingulate 
cortex’s (ACC) activity in feedback based learning tasks (Frank & Woroch, 2005; Kobza et 
al., 2011). The ACC plays a critical role in feedback and reward processing (Delgado et al., 
2000). This region comprises both anatomical and functional networks with the 
supplementary motor area subregions (pre-SMA) and dorsolateral prefrontal cortex, 
signifying a role in high-level motor control and action selection (Delgado et al., 2000; 
Knutson et al., 2000; Holroyd & Coles, 2002). This task showed an individual’s bias to leam 
more from positive or negative feedback (Kobza et al., 2011). The results exhibited that 
feedback expectation modulates FRN amplitude in observational learning (Frank & Woroch, 
2005; Kobza et al., 2011). However, the specific involvement of the role of the anterior 
cingulate cortex (ACC) in feedback-based learning is beyond the scope of the present thesis.
1.3.14. Individual Differences in Reward Processing
Individual differences in learning performance are considered central in the field of 
educational neuroscience, in which changes in the brain function are associated to learning 
trajectories (Goswami, 2006). One of the main research questions proposed in this thesis is to 
behaviourally examine how individuals differ in reward based learning across the lifespan. 
One of the challenges of cognitive neuroscience is to comprehend the underlying mechanisms
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of individual differences and how they enable emotion and cognition.
In a study by Mobbs et al. (2005) significant correlational differences in BOLD activity and 
personality differences were found despite the absence of correlation within NBO-FFI scores 
(Five-Factor Inventory Questionnaire). However, due to high extraversion scores no 
correlation emerged with whole brain activation and neuroticism. Interestingly, it is difficult 
to find one brain area related to any NEO FFI scores. On the other hand, IQ differences are 
strongly linked to executive control functions and associated brain activity in adults. Existing 
neuroimaging studies have demonstrated that adults with enhanced fluid intelligence 
exhibited a sturdier activation of specific brain regions during executive control performance 
(Duncan, 2003; Gray et al., 2003). Results from Duncan, (2003) and Gray et al. (2003) 
provide the framework that IQ individual differences are linked to developmental time 
courses of neural circuitry supporting feedback-based learning. Additionally, in probabilistic 
learning tasks, adults and children demonstrated distinctive patterns of neural activity when 
processing reward stimuli. Therefore, there is a noticeable context of slowly developing 
executive control functions with steady advances in adolescence (Crone, 2009; van den Bos 
et al., 2012; Eppinger et al., 2009).
There are numerous inter-individual differences relative to rewards and punishments. 
Interestingly, the connection in affective processes, learning and memory is central to reward 
processing, motivated behaviour and decision making in individuals (Camara et al., 2009). 
Individuals with enhanced tendency to chase previously rewarded behaviours instead of 
impulsive behaviours display sturdier structural connectivity in the striatum and the 
prefrontal cortex (Cohen et al., 2008). These aspects are considered to influence and motivate 
components that guide individual feelings and actions in social environment (MacDonald,
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1995). Based on personality theories individual traits reflect sensitivity to rewards (Digman, 
1990; Eysenck, 1981; Gray, 1972; 1973; 1981; Tellegen & Waller, 1992; Zuckerman, 1983). 
Sensitivity to reward differs substantively from one individual to another (Gray, 1987). 
Individual differences in regards to reward sensitivity can predict food cravings, hyperphagia 
and body weight. Moreover, behavioural studies have revealed association of reward 
measures and food craving, overeating and body weight, in both healthy and overweight 
populations whereas, neurobiological research in animals showed that pharmacological 
stimulation of this circuit can override satiety and cause overeating of highly palatable foods 
(Davis et al., 2004; Dawe & Loxton, 2004; Franken & Muris, 2005).
Individuals with high sensitivity to rewards are more likely to experience frequent and 
intense food cravings resulting in overeating and most importantly eating disorders. 
Excessive food intake and selection are strongly influenced by reward properties (e.g. taste, 
smell, sight) (Toates, 1981; Berridge, 1996; Saper et al., 2002). Comparative studies on food 
reward have implicated a network of interconnected brain regions comprising frontal, ventral 
striatal, amygdala, and midbrain regions in aspects of food reward (Berridge, 2003; Ikemoto 
& Panksepp, 1999; Kelley, 2004; Balleine, 2005; Di Chiara, 2005; Kelley et al., 2005). 
Findings by Beaver (2006) demonstrated that individual differences in reward sensitivity 
predict activation to pictures of appetising food in a fronto-striatal, amygdala and mid-brain 
network, which are involved in food motivation.
This research is in line with the concept that individuals require specific psychological 
mechanisms, which could guide their behaviour in certain situations (Buss, 1995; Tooby & 
Cosmides, 1992). Such psychological mechanisms are considered to be cognitive processes 
that occur due to the frequent solution of problems in individual survival or reproduction
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during evolutionary history. Furthermore, these mechanisms are activated by certain type of 
information in the environment and thus, change environmental inputs through decision rules 
to behavioural outputs that solve certain adaptive problems dependently (Campbell et ah, 
2003). Therefore, psychological mechanisms require certain types of environmental inputs to 
activate and guide behaviour. Based on this notion, Campbell et al. (2003) discovered that 
high extraverted men exhibited leader behaviour only when specific type of rewards existed. 
These results indicated that extraversion relative to individual differences provides significant 
information about associations between personality traits and reward processing (Campbell et 
al., 2003). Therefore, psychological mechanisms necessitate certain types of environmental 
inputs to activate and guide behaviour. Decision-making paradigms (Cohen et al., 2010; Ernst 
et al., 2005; Eshel et al., 2007; Forbes et al., 2010; van Leijenhorst et al., 2010a) influence 
neural sensitivity to incentive value differently in adults and adolescents during both reward 
anticipation and receipt (Jarcho et al., 2012).
People respond differently to rewards and punishment due several aspects of human 
behaviour. Reward processing is connected to reward functional activation in the Nucleus 
Accumbens (NAc) (Camara et al., 2010). Its action is modulated by the occurrence of 
positive and negative reward outcomes (e.g., monetary gains and losses) and by 
manipulations in learning, decision-making and motivation (Camara et al., 2010). Individual 
differences in terms of self-regulation (e.g. reward seeking, fear avoidance, and inhibitory 
control) have been connected to the probability of engaging in addictive behaviours such as 
pathological gambling or substance abuse (Camara et al., 2010).
Generally, individuals desire to diminish negative outcomes based on the signals in the 
environment that predict the presence of positive or negative outcomes. The linkage of
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rewarding or punishing events establishes a strong learning signal. Individual’s future 
decisions are affected by feedback signals in the environment. In abstract conditions, 
individuals make risky decisions for instant pleasure without considering the negative 
outcomes (Camara et al., 2009). Moreover, in feedback assessment emotional responses have 
an important effect on future reward driven behaviour. When individuals evaluate their 
choices, the anticipated reward is realized as prediction error or not moreover, whether the 
alternative choice is considered better or worse. In the presence of a non-negative prediction 
error individuals tend to assess the choice in positive manner and tend to keep this strategy. If 
not they readjust the choices for future responses. In terms of negative assessment a wrong 
choice significantly employs the bilateral superior temporal pole extending to the anterior 
insula. The role of anterior insula in negative emotions such as regret (Kuhnen & Knutson,
2005) and disgust (Sanfey et al., 2003) in reward behaviour may affect people’s decision 
strategy (Liu et al., 2007).
1.4. Empirical Framework of Thesis
The central aim of this thesis is to contribute to the understanding of the underlying key 
mechanisms of learning across the lifespan on cognitive reinforcment learning by calculating 
the RBc. Reward bias indicates an individual’s bias in terms of their propensity to act upon 
previous positive or negative feedback events covering the age range from childhood until 
adulthood. This research intends to examine developmental differences in behavioural 
response during reward anticipation and/or receipt in children/adolescents (7-18 years old) 
compared to adults (19-55 years old). The rationale for testing RBc until the age of 55 is due 
to time constrains of this thesis. We aimed to further test the RBc and aging in older adults (> 
60 years of age) however this was not practicable because of the restricted timeframe of
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thesis completion. However, this could be taken into consideration as a future research in 
reward processing and aging.
Cognitive reinforcement learning includes a variety of brain regions such as the striatum and 
the prefrontal cortex (Schultz, 2000) both of which undergo significant age-related changes. 
Therefore, an opportunity exists in this thesis to examine the underlying mechanisms of how 
reward based learning progress from early childhood to adulthood. Results from this research 
would lead to better insights associated in educational practice such as schools, colleges in 
order to provide better means of investigating cognitive reinforcement learning from the early 
stages of life since feedback learning has been found to lie in the basis of successful learning 
(Galvan, 2010). Our primary goal is to develop a theoretical framework for understanding the 
contribution of age-related differences to cognitive reinforcement learning and decision­
making. How healthy individuals modify the likelihood of selecting a given response on the 
basis of experienced outcomes across the lifespan? What enables individuals to make choices 
that lead to positive outcomes and avoid making choices that would lead to negative 
outcomes?
1.4.1. Summary o f the Experimental Chapters and Research Questions
Chapter Two reports an initial study (Study 1) designed to establish previous work by Frank 
et al. (2004) utilising the cognitive reinforcement learning paradigm, which is a suitable 
measurement of RBc for addressing the research aims of this thesis. Firstly, Study 1 was 
designed to assess whether cognitive reinforcement learning exists in children and 
adolescents by utilising the “carrot or stick” probabilistic task by Frank, Seeberger and 
O’Reilly (2004) on pre-puberty (7-10 years old), during puberty (11-14 years old) and post­
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puberty (15-18 years old). Would children and adolescents comprehend reward processing as 
adults? Would children and adolescents learn equally from positive and negative feedback? 
Would children and adolescents comprehend the adult-appropriate task design by Frank et al. 
(2004)? Would children and adolescents find the task design engaging? Would children find 
the task demand more difficult and subsequently become less engaged in the task? Could age 
and gender differentiations be associated to reward processing?
Chapter Three reports three studies (Study 2, 3 and 4) designed to evaluate negative and 
positive feedback based learning from these age groups (7-10, 11-14, 15-18, 19-35 and 40-55 
years of age). Initially, Study 2 introduced an adapted task design called “prince and 
princess” which was implemented for the purposes of this thesis, aimed to maximise task 
engagement and comprehension at the age of 7-18 years old and test whether overall 
cognitive performance improves during the child-friendly task design. This reasoning is 
based on developmental reward studies, which indicated that successful task performance lies 
at the basis of task design (Bjork et al., 2004; Galvan et al., 2006; Ernst et al., 2005; May et 
al., 2004; van Leijenhorst et al., 2009). Task choice plays a key role in reward processing 
(Bjork et al., 2004; van Leijenhorst et al., 2009). In order to optimise task engagement and 
comprehension, some studies have presented “cartoon-friendly” stimuli (van Leijenhorst et 
al., 2009; Galvan et al., 2006) and introduced the task to participants in the form of a video 
game. For example, in Study 2 during the “prince and princess” task children were told “you 
have to help the prince to save the princess from the evil dragon, ” (see method section 3.2.3).
By introducing an action based on reinforcement learning feedback we want to ensure that 
children and adolescents would comprehend the task as well as adults (e.g., ensuring that 
each child/adolescent is comfortable while playing the video game by reducing possible
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anxiety behaviour). Additionally, ensure proper response time for children by making the task 
more engaging. Studies have shown that children have longer reaction time than adults (Bjork 
et al., 2004; Galvan, 2004; Galvan et al., 2006). Lastly, the purpose of this task adaptation is 
to make the task as simple as possible without multiple rules that the chid could follow (Bjork 
et al., 2004). Therefore, the research aim of this study is to investigate whether children and 
adolescents would find this task more engaging compared to the adult-appropriate task (see 
method section 3.2.3). Would children (aged 7-10) and adolescents (aged 11-14 and 15-18) 
demonstrate different reward sensitivity compared to Study 1? How would RBc behave 
relative to propensity within a fi*amed action based feedback? Is there a relationship between 
age-related differences and reward processing during development? Would gender 
differences affect the magnitude of the RBc?
These effortful responses have led to the design of Study 3. The first aim was to provide a 
detailed analysis of the RBc based on the “prince and princess” paradigm within healthy 
populations aged 19-35. Additionally, Study 3 aims to compare the propensity of reward bias 
from these age groups (7-10, 11-14, 15-18 and 19-35 years of age). How adults response to 
positive and negative feedback? Do they learn better fi*om positive or negative feedback 
events? Does RBc fluctuate after adolescence? Study 4 is a follow-up study to Study 3, 
which employs the identical task design within older adults (40-55 years old) to test age 
related differences in reward processing. This study provides the means to address the same 
aims as Study 3 but in the context of reward processing and theory of aging. Evidence 
reviewed in this chapter demonstrated an asymmetry between positive and negative 
emotional experiences across the lifespan (Carstensen & Mikels, 2005). Adults differ from 
younger individuals (college age) in the kinds of information from past experience they focus 
on when faced with a current choice. This has been attributed to a socio-emotional selectivity
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theory of aging, which posts that older adults place more emphasis on positive emotional 
experiences as they approach the end of life (Carstensen, 2006). One understudied aspect of 
this age-related optimization is how older adults respond to positive and negative feedback 
versus positive and negative stimuli. A previous study has found that older adults have an 
attention bias to positive versus negative stimuli, because positive stimuli generate feelings of 
well-being (Charles, Mather, & Carstensen, 2003). For that reason. Study 4 aims to better 
understand how healthy adults (40-55 years old) learn from their decisions (both good and 
bad) and whether they to be more conservative relative to reward seeking behaviour. Finally, 
Chapter Four will present an overall description of the main findings derived from this thesis 
and provide the framework for future research in age-related differences in learning from 
positive and negative feedback across the lifespan.
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Chapter Two: Investigating Learning from Positive and Negative 
Probabilistic Feedback in Children and Adolescents (aged 7-18)
2.1. Introduction
This chapter reports an initial study (Study 1) that introduces the so-called “carrot or stick” 
cognitive reinforcement learning paradigm by Frank, Seeberger & O’Reilly, (2004) for 
addressing the research aims of this thesis, which will be further developed. This feedback- 
based learning paradigm has been shown to specifically test reward sensitivity to positive or 
negative feedback. The paradigm derives RBc, a measurement that indicates individuals’ 
tendency to act upon positive or negative feedback events.
RBc is a value between 1 and -1 indicating that individuals with positive value close to 1 
have the tendency to follow positive rewards whereas, individuals with negative value close 
to -1 are more likely to avoid making choices that lead to negative outcomes. Values marked 
as zero indicate no sensitivity towards positive or negative feedback and thus individuals with 
zero value equally learn from positive and negative feedback of events. The intention of this 
thesis is to behaviourally investigate age group differences between these age groups (7-10, 
11-14 and 15-18 years old) in reward sensitivity to positive and negative feedback. Feedback 
based learning tasks have been found to differently employ top-down cognitive processes in 
adolescents and adults, which consequently modify developmental differences in reward 
sensitivity (Jarcho et al., 2012).
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The goal of this research is to behaviourally test positive and negative feedback learning 
across development, particularly between these age groups (7-10, 11-14 and 15-18 years old). 
Interestingly, this study focuses on the developmental changes within this age range by 
collecting behavioural measurements of RBc. This will be the first study to determine the 
reward tendencies in younger populations measured through the “carrot or stick” paradigm. 
As such. Study 1 aims to expand the current knowledge obtained in Parkinson’s disease 
patients (Frank, Seeberger and O’Reilly, 2004) and adults (Frank & Kong, 2008; Simon et 
al., 2010) by testing younger than 18 years old participants.
2.2. Methods
2.2.1. Participants
85 participants, 39 males (M = 12.10 years, SD = 3.41) and 46 females (M = 12.61 years, SD 
= 3.26) participated in the probabilistic feedback-learning task (Frank, Seeberger and 
O’Reilly, 2004) lasting one hour. Participants were 30 children aged 7-10 (M = 8.80 years, 
SD = 1.10), 28 mid adolescents aged 11-14 (M = 12.68 years, SD = 1.02) and 27 adolescents 
aged 15-18 (M = 16.26 years, SD = 1.05). Participation was reimbursed with £5 book tokens 
for children and £5 Amazon vouchers for adolescents. The University of Surrey Ethics 
Committee approved the study and informed written consent was signed prior to participation 
by parents and teachers. Participants (16-18 years old) also gave assent for participation. The 
recruitment process lasted 16 months due to the difficulties within these age groups. Children 
(7-10 years) were recruited from Holy Trinity Primary School located in Guildford for 
children aged 4-11 (school year 1 to year 6). In this school, children and adults are regarded 
as co-workers and there is an atmosphere of mutual respect and self-discipline. Adolescents 
(11-18 years) were recruited from Kings College in Guildford, Broadwater School in
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School in Godalming and Farnborough College in Farnborough. Kings College is an 
educational secondary school and sixth form offering education to 11 to 18 years old. 
Broadwater School is a Maths and Computing Specialist College aiming in students’ 
development within a well-framed educational environment. Farnborough College o f  
Technology offers excellent teaching and learning amenities. Special consideration for 
children and adolescents were made to ensure that participants understood the task. 
Therefore, instructions were presented verbally with paper printouts showing the different 
components o f  the task. A ll materials used are located in the appendix A.
2.2.2. Experimental design
p A
di 4
80% 20% 
70% 30% 
60% 40%
Learning session
Testing session
Figure 4 The “carrot or stick” cognitive reinforcement learning paradigm (Frank et al, 2004). Each symbol had 
a predetermined probability of being correct. The choice of one stimulus had to be made by the participants, 
which appeared in random order in learning and testing blocks. In learning block feedback was presented 
visually (green colour corresponded to winning and red colour corresponded to losing) and acoustically 
(pleasant bell sound signaled winning and deep drum sound signaled losing). In the testing block feedback was 
depicted at the end “you have 7/20 correct”.
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Participants were first show n h ow  to com plete the paradigm and received  the explanation  
paraphrased b elow  w hilst actually performing a m ock version o f  experim ent (Figure 1).
“The paradigm is split into tw o types o f  block, “learning” and “testing”, w hich  alternate 
about six  tim es. B efore each b lock a screen w ill com e up inform ing you o f  the next type o f  
block and asking you to click  the m ouse to continue”.
[Participant clicks m ouse to enter learning b lock (learn trial frame  7)].
This is a îearningsession... 
Click the mouse when ready
“A s you can see, there are tw o im ages presented on either side o f  a w hite cross (learn trial 
frame 1). W hen the cross turns y e llo w  (learn trial frame 2) you  must select either the left or 
the right im age using the left/right m ouse buttons, there is no rush, take your tim e”.
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(Learn trial frame 1)
(Learn trial frame 2)
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[Participant selects option and receives visual and aural feedback (learn trial frame 3) 
p ositive feedback is indicated in green colour and negative feedback in red colour].
“Congratulations /  I’m  sorry, you have just w on  / lost. Y ou can see your score on this bar in  
the m iddle. Your aim is to w in  as m uch m oney as possib le during this gam e by raising the bar 
in the centre o f  the screen as much as possib le. It is not random chance whether you  w in  or 
not. A  correct response to one pair on one occasion  does not im ply the sam e correct answ er  
for that pair on the next occasion. The best w ay to do this is to go w ith your gut instinct. W e  
pay according to your h ighest score, w hich  is marked by the dark grey line across the score  
bar.
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[Participant clicks through 5 more trials until encountering the test block screen].
This is a quicktest session... 
Click the mouse when ready
“This is the test b lock it is slightly different, here you choose left or right quickly. Go w ith  
your gut instinct that d oesn ’t m ean don’t think about it at all, but you w ill on ly  have tw o  
seconds to make your choice before programme m oves on. Y ou  don’t get told  i f  you get it 
right or w rong in this section or get any m oney based on this part o f  the experim ent, how ever  
at the end o f  the b lock y o u ’ll get a summary o f  your score”.
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[Participant clicks through test {test trials frames 1-3) until receiving summary score “you
have 10/20 correct”].
You have? out of 20 correct
“Here you can see that the screen has gone blank, the programme is not broken, this is a rest 
period, just focus on the cross in the centre and w ait until the next learning session  begins. D o  
you  have any questions?”
This is a learn ingsession„  
Click the m ouse when ready
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In learning trials the inter stimulus interval (ISl) between frame 1 and 2 was 4.5s +/- 1.5s. 
Frame 2 was held until the participant gave a response. Feedback (frame 3) to response was 
immediate with duration of 1.5s. Feedback consisted of a green frame around the selected 
symbol and a pleasant bell sound being played if the choice was correct. If the choice was 
incorrect, a red frame surrounded the selected symbol and a deep bass drum roll sound was 
played. Additionally, the visual analogue bar running vertically along the centre of the screen 
recorded the increase or decrease in financial prize. The duration of the ISl (frame 4) between 
trials was 4.5s +/- 1.5s. During test trials ISl between frame 1 and frame 2 was 50ms.
Symbol pairs and valence were randomly assigned for each participant. There were 6 test and 
learn blocks plus one test and learn block where each symbol has a 50:50 chance of being 
correct at the start of the experiment which is not analysed. Each of the six learning blocks 
consisted of 21 trials, each pair shown 7 times. Left / right positioning was assigned 
randomly. The presentation was pseudo randomized within blocks. No pair could be shown 
more than 3 times consecutively. For the highly valence pair (AB) then the first result for that 
pair in each block had to be compatible to expectation. If this was not the case then strong 
primacy effects were encountered throughout the entire block. For example, symbol “A” had 
to be correct if selected on the first showing of an AB pair within a block. During test blocks, 
inter trial interval was set at 200ms. Twenty test pairs were delivered in each block, ten with 
the high valence (A) symbol with C, D, E or F, and ten with the low valence symbol (B) with 
C, D, E or F. In high valence tests, selecting A is correct in low valence tests avoiding B is 
correct. Sound was delivered via standard headphones. Stimuli were projected onto a screen 
using ‘Presentation’ software (http://neurobehaviouralsystems.com).
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2.2.3. Calculating Reward Bias Coefficient (RBc)
RBc was calculated for each test block. The proportion of correct responses to low valence 
test stimuli was deducted from the proportion of correct responses to high valence test 
stimuli. RBc is therefore a value between minus one and one. Individuals with a high bias 
towards selecting positive stimuli had a high, positive RBc. Individuals with a high bias 
towards avoiding negative stimuli had a low, negative RBc. Individuals that learnt equally 
from positive and negative feedback had a RBc close to zero. To derive the individual’s RBc 
we averaged the RBc over the 5 test blocks excluding the first block since it was at the 
beginning of the task. The equation of calculating RBc is presented below.
RBc = (CA/(CA+IA)) -  (CB/(CB + IB)) 
where:
CA= Correct A 
lA = Incorrect A 
CB = Correct B 
IB = Incorrect
2.2.4. Procedure
Data collection was conducted in a quiet classroom to avoid any distraction. To begin with, 
participants were shown the paradigm in order to familiarise themeselves with the trial 
sequence. After the demonstration participants sat at a viewing distance of 50cm from a 17” 
computer screen with the supervision of a teacher, whom sat away from the student. The 
paradigm lasted one hour.
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2.2.5. Data Analysis
For the current experiment the calculation of RBc per block was required. Individuals with 
high bias towards avoiding negative stimuli have negative RBc value, whereas subjects with 
zero or close to zero value of RBc can equally learn from positive and negative feedback. 
Behavioural data were analysed using three-way ANOVA and independent t-test to estimate 
possible gender and age-realted differences. Normal distribution of data is indicated by 
Kolmogorov Smirnoff test Z)(85) = .200, p  > .05 across the task.
2.3. Results
2.3.1. Reward Bias Coefficient (RBc)
Figure 5 depicts data with each point showing the score for a single participant. Participants 
are being ordered within each age group by the magnitude of the RBc. Based on the RBc 
scores we are able to distinguish the tendency of individuals to respond to probabilistic 
stimulus information. Here, we can observe who has learned more from positive and negative 
feedback according to age and gender. What is derived from the graph, is the relatively 
similarly pattern of response in terms of positive and negative reward bias. Overall, 21 boys 
and 30 girls were negative learners (N = 51) whereas 18 boys and 16 gilrs were positive 
learners (N = 34).
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Figure 5 A simple scatterplot demonstrating the individual scores of positive and negative RBc during the 
probabilistic learning task. Balanced learners equally learn from positive and negative RBc are displayed on the 
black line. Male scores are depicted in blue colour and female scores are depicted in red colour.
A three-way A N O V A  was used to test main effects and interactions o f  RBc scores as 
dependent variable with condition ( 2  levels: positive and negative learners), with gender ( 2  
levels) and with age groups (3 levels: 7-10, 11-14 and 15-18 years old) as fixed factors. There 
was no main effect o f  gender F (l,7 2 ) = .079, > .05 .001. Interestingly, there was a
main effect o f  condition in terms o f  positive (M = .1 3 1 ) and negative learners (M =  -.209), 
F (l,7 2 ) = 123.4, p  = .000 co ,628, (Figure 6 ). There was no main effect o f  age groups 
F(2,72) = 1.221, 7? > .05 m .032. There was no statistically significant interaction o f  
gender and condition (positive or negative learners) F (l,7 2 )  = .0 9 4 ,7? > .05 .001. There
was no statistically significant interaction o f  gender and age groups F(2,72) = 2 .5 5 9 , p  > .05 
co‘ = .066. There was no statistically significant interaction o f  condition (positive or negative 
learners) and age groups F(2,72) = .768, p  > .05 co .021. There was no statistically
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significant interaction of gender and condition (positive or negative learners) and age groups 
F (2,ll) -  .442, p  > .05 (0 ^= .012. Due to low effect size it was impossible to detect any 
significant interactions.
.20-
.10-
o
- . 10“
- . 20“
-.30-
Negative Learners Positive Learners
Condition
Figure 6 Bar graph indicating the mean of positive and negative learners. Error bars show ±1 standard error. 
Significant differences are marked at the .05 (*) level.
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Therefore, we computed a two way ANCOVA (analysis of covariance) to examine possible 
effects and interactions of RBc scores as the dependent variable. Age (7-18 years old) was the 
covariate variable. Both gender (2 levels) and condition (2 levels: positive or negative 
learners) were the fixed factors. There was no main effect of age (7-18 years old) F(l,80) = 
3.074, p >  .^5 CO .037. There was no main effect of gender F(l,80) = .067, /> > .05 co  ^= 
.001. However, there was a main effect of condition (positive and negative learners) as 
depicted before (Figure 6 and Figure 7) F(l,80) = 116.8, p  = .000 co^= .594. But there was 
no interaction of gender and condition F(l,80) = .039, p >  .05 co^= .000.
2. S. 2. Absolute values o f Reward Bias Coefficient (RBc)
Individual RBc scores were converted into absolute values to better examine the magnitude 
reward bias across development (7-10 years, 11-14 years and 15-18 years). Moreover, these 
absolute values of RBc indicate more extreme response bias regardless of positive and 
negative values as in Frank et al. (2004). A two-way ANOVA was conducted with the 
absoulte scores of RBc as the dependent variable. Both age groups (7-1-, 11-14 and 15-18) 
and gender were the fixed factors. Results have shown that there was no main effect of age 
groups F(2, 79) =.915, p  = .382 6) .024. Additionally, there was no main effect of gender
F(l,  79) = .015, /7 = .902 co ^= .000. Lastly, there was no interaction of age groups and 
gender F{2, 79) = .805, p  = .451 co^= .020.
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Figure 7 Bar graph indicating the mean of RBc by gender and age groups (years). Error bars show ±1 standard
error.
2.4. Discussion
The present research attempted to test the “carrot or stick” task in healthy participants aged 8- 
17. Reward bias can be designated as an individual’s tendency to follow  reward or to avoid  
punishment in the face o f  uncertainty. It does not infer an absolute or predictive response due 
to the subjective perception o f  what constitutes reward and due to the individual response. 
The current probabilistic learning task obviously does not clearly correspond to real-world 
conservative behaviour. However, it permits the assessment o f  an implicit bias to make
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choices that lead to positive outcomes or avoid making choice that lead to negative outcomes 
(Frank et ah, 2004).
Firstly, this study aimed to evaluate positive and negative feedback learning across 
development, particularly in these age groups (7-10, 11-14 and 15-18 years old). Overall, 
behavioural data have shown that children and adolescents have learned to make choices that 
led to positive outcomes (e.g. win money) or to avoid choices that led to negative outcome 
(e.g. losing money). Interestingly, there was a main effect of feedback learning in reward 
processing indicating that positive learners (M = .131) and negative learners (M = -.209) 
differ significantly during the task with the majority of participants being negative learners. 
Therefore, there was more sensitivity towards negative feedback learning. However, boys and 
girls displayed an overall similar decision-making pattern through the task indicating that the 
reward bias magnitude was stable across age range of 7-18. It could be argued that 
participants had an understanding of the stimuli differentiations in terms of probabilistic 
reward feedback (e.g. green feedback results in winning whereas red feedback leads to 
loosing). Generally speaking, developmental literature on decision making suggested that 
children and adolescents accomplish a basic understanding of the association between the 
value of a reward and the probability of attaining that reward (Wilkening & Anderson, 1991; 
Crone & Van der Molen, 2004; Schlottman & Anderson, 1994).
These results are in general agreement with previous studies of children's concept of 
probability denoting that children at the age of 7 are capable to comprehend probabilities in 
an effective way and therefore have a clear idea of chance (Schlottman & Anderson, 1994). 
In accordance to previous work children under the age of 7 respond to irrelevant features of 
the task such as the colour or the position of stimuli (Piaget, 1930; Piaget & Inhelder, 1958;
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1975). Piaget's studies provided the framework of a certain developmental trend in the 
tendency to behave in regards to event probabilities, signifying the importance of connecting 
age differences to these behavioural phenomena (Davies, 1965).
Secondly, Study 1 aimed to investigate whether children and adolescents (aged 7-18 years 
old) would find this adult-appropriate task design engaging (Frank et al., 2004). Recent 
developmental fMRI reward studies have highlighted the importance of task design in reward 
processing across development (Bjork et al., 2004; May et al., 2004; Galvan et al., 2006; van 
Leijenhorst et al., 2009; Geier et al., 2009). Observational data from the current 
developmental population described the task as unexciting and boring. Participants were not 
enthusiastic during the task and complained about the duration of this task. Given known the 
developmental differences in reward processing such as reaction time, accuracy and cognitive 
ability, the difficulty of a task design could perturb a child’s performance and the neural 
activation during the experiment (Galvan, 2010).
Reward processing studies in developmental populations should aim to increase engagement 
during tasks. For instance, Galvan and colleagues (2006) introduced cartoon friendly stimuli 
in their “video game” reward based learning task. This action was based on the notion that 
child-friendly tasks (e.g., animated stimuli) ensure proper response time. Therefore, children 
and adolescents became more engaged in the task (Bjork et al., 2004; Galvan et al., 2006; 
2010; van Leijenhorst et al., 2009). Based on this evidence, a future study is required in order 
to investigate reward processing to positive and negative feedback across development with 
an action reward based feedback (e.g., animated stimuli) compared to the monetary reward 
feedback of this task. Consequently, Chapter Three introduces a novel study (see Study 2), 
which would test reward sensitivity across development using a child-friendly reward based
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learning task. Interestingly, Chapter Three will go beyond this research and test reward 
sensitivity until adulthood. However, this will be further explained.
An important limitation of Study 1 is the overall small sample size in each age group (7-10, 
11-14 and 15-18 years old). Unfortunately, we were only allowed to test a certain amount of 
pupils due to the specific school and college regulations. In the main, when testing 
differences between groups, sample size should be taken into consideration because it 
controls the possibility of reporting Type II error and most importantly affect the precision of 
the experiment. For this reason, the future study would provide an adequate sample size in 
testing RBc from positive and negative feedback across development in order to increase the 
chances of detecting a difference of given magnitude between the age groups compared 
(power, effect size) and provide useful answers within the research purposes of this thesis.
As a final point, it is important to obtain as much information as possible from a participant’s 
likely behaviour during probabilistic reward based learning tasks across development. This 
notion would allow the design of more accurate models in reward processing and establish 
improved techniques to control experiments of reinforcement learning across development in 
order to test children’s to understanding of casual relationship between rewards and 
punishments. The achievement of the concept of probability is indeed developmental in 
nature (Crandall, Katkovsky & Crandall, 1965).
2.5. Conclusion
The present study tested reward based learning from positive and negative feedback on 
children and adolescents. Based on behavioural data all subjects displayed a similar decision-
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making response pattern making it difficult in terms of statistical analysis to reveal possible 
gender and age-related differences. Based on these preliminary findings it is important to test 
reward bias coefficient by using a more child-appropriate task within the same age range (7- 
18 years old) and examine whether children and adolescents would engage more by 
demonstrating improved cognitive performance. As a final point. Study 1 has proven to be a 
reputable indicator for future research in learning fi*om positive and negative feedback across 
development by highlighting the importance of recruiting a larger sample size in these age 
groups (7-10, 11-14 and 15-18 years old).
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Chapter Three: Evaluating Learning from Positive and Negative 
Probabilistic Feedback across the Lifespan (Adapted Learning 
Paradigm)
3.1. General introduction
This chapter reports three studies (Studies 2, 3 and 4) designed to compare age group 
differences using an adapted version of the probabilistic learning paradigm by Frank, 
Seeberger and O’Reilly, (2004) for addressing the research aims of this thesis. The adapted 
“prince and princess” paradigm provides the framework for examining reward bias a 
measurement of RBc which indicates a person’s propensity to learn from positive, or negative 
feedback events. Chapter Three expands the age range, of those investigated in Study 1, from 
7 to 55 years old in order to further test how healthy individuals learn from their decisions 
(either good or bad). To do so, a different type of feedback is used which is more tangible. 
The new feedback is action based relative to the monetary feedback used in Study 1.
Behavioural data from Study 1 demonstrated that children learn from positive and negative 
feedback in the face of uncertainty due to the significant differences between positive and 
negative learners. Importantly, based on the adult-appropriate paradigm children and 
adolescents (aged 7-18) learned that green is the “winning” stimulus and red is the “losing” 
stimulus. However, an important aspect derived from Study 1 is that participants did not find 
the task engaging. Literature on developmental differences in reward processing highlighted 
the importance of a clear task design when evaluating learning from positive and negative 
feedback in children and adolescents (Bjork et al., 2004; Galvan et al., 2006; 2010; van
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Leijenhorst et al., 2009). A non-engaging task could badly affect cognitive performance and 
neural activity across development (Galvan, 2010). Consequently, based on this feature we 
introduced a child-friendly task design with an action based feedback (animated stimuli) to 
better investigate reward sensitivity in children and adolescents (Study Two aged 7-18), in 
young adults (Study Three aged 19-35) and adults (Study Four aged 40-5). It is hypothesised 
that in Study 2 the action based reward feedback would be more engaging for younger 
participants (aged 7-18) compared to adult-appropriate task the (Frank et al., 2004) and RBc 
would potentially be associated to age group differences. This will be further analysed. Due 
to the similarities in study design Studies 2, 3 and 4 are described in this chapter as main 
research, though, due to age group differences in population size, the studies are described 
individually in sections 3.2, 3.3 and 3.4.
3,1 A, Action basedfeedback
On the whole Study 2, 3 and 4 are based on action based reward feedback and decision­
making, in which participants would have to estimate the action of reward and how much 
reward value will be produced. Action based theories have indicated that reward expectation 
can strongly bias our decisions and actions (Ridderinkhof et al., 2004; O’Doherty et al., 
2003). Consistent with this notion human and animal neuroimaging studies have shown the 
existence of expected reward representations in the brain during decision-making (Glascher 
et al., 200, O’Doherty, 2004; Montague et al., 2006). As in the study by Samejima et al. 
(2005) a reward based free-choice paradigm was used on macaque monkeys demonstrating 
that striatal neurons learn to encode the action values via a trial-error learning and to predict 
choice probability of action options under a reinforcement. In detail monkeys had to turn the 
handle to left or right. A green light indicated large reward whereas red light indicated small
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reward. Rewards were based on probability. What can be derived from the study of Samejima 
et al. (2005) is the importance of investigating action-based reward processing in terms of 
individual action choices. Therefore, the central aim of Chapter Three is to investigate the 
reward processing from positive and negative feedback events using an action based reward 
feedback in healthy individuals aged 7 to 55 years. Hence, Chapter Three will use an adapted 
version of the “carrot or stick” learning paradigm, which would be framed in the context of a 
story to accurately represent cognitive reinforcement learning across the lifespan, using an 
action based feedback (see section 3.2.2,2. experimental design).
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3.2. Study Two: Reward Processing in Children and Adolescents (Adapted Learning 
Paradigm)
3.2.1. The ”prince and princess” paradigm
Study 2 was designed to test whether an action based reward feedback in children and 
adolescents (7-18 years) would provide stronger feedback learning relative to the 
monetary/abstract reward feedback used in Study 1, whilst maintaining the fundamental 
aspects of the “carrot or stick” paradigm. The task design of Study 2 was amended in a 
number of ways to help improve participants’ performance during the probabilistic feedback 
task. The rationale of this manipulation was to further improve participants’ engagement in 
the task by varying the required response across learning sessions. The inter stimuli interval 
(ISI), between viewing the symbols to be selected, was decreased to avoid creating the 
feeling of boredom and distraction in individuals. Based on results of Study 1, it was 
hypothesised that by decreasing the ISI in learning individuals would be more captivated and 
no loss of interest would appeared during the experiment. Consequently, in the present study 
reward associations have changed into an action based reward feedback placed in a context 
comprehensible to all age groups (7-10, 11-14 and 15-18 years old). However, despite these 
alterations to the experimental design, the logic of the original probabilistic learning 
paradigm remained the same as in Study 1. The symbols and the feedback (visual, acoustic) 
did no change when selecting correct or incorrect responses. Symbols remained the same as 
in Study 1. The purpose of Study 2 is to evaluate learning from positive and negative 
feedback during development within these age groups (7-10, 11-14 and 15-18 years old) and 
examine whether this developmental population would find the task more engaging and 
interesting. Lastly, Study 2 aims to direct compare the RBc of Study 1 and Study 2.
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As depicted in Figure 8, the black background was replaced by an image background (castle) 
in order to match the context of reward feedback (prince and princess).Additionally, the 
vertical analogue bar displayed between the symbols in the learning sessions of Study Iwas 
removed. Feedback context was framed by animated stimulus of a prince and a princess, 
which were correspondingly been placed on either side of the screen serving as a horizontal 
bar. The aim of these features is to indicate participant’s performance during the task by a 
adding an action-based context of reward feedback (e.g. response was translated in prince and 
princess moving on step closer or one step away). Positive feedback and correct response was 
presented with an action by minimizing the distance between the prince and the princess (the 
distance was indicated by a single step).
You /  out of n
Figure 8 The "prince and princess" paradigm with learning and testing block. Each symbol had a predetermined 
probability of being correct. The choice of one stimulus had to be made by the participants, which appeared in 
random order in learning and testing blocks. In learning block feedback was presented with an action by 
minimizing the distance between the prince and the princess (the distance was indicated by a single step),
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visually (green colour is winning and red colour is losing) and acoustically (pleasant bell sound for winning and 
deep drum sound for losing). In the testing block feedback was depicted at the end “you have 7/20 correct”.
3.2.2. Methods
3.2.2.1. Participants
134 participants aged 7-18, 67 males (M = 12.24 years, SD = 3.49) and 67 females {M = 
12.06 years, SD = 3.51) participated in the adapted probabilistic learning paradigm lasting 30 
minutes. Participants were 61 children aged 7 to 10 (M = 8.98 years, SD -  1.08), 32 mid 
adolescents aged 11 to 14 (M = 12.28 years, SD =1.023) and 41 adolescents aged 15 to i8 {M  
= 12.15 years, SD = .969). Participation was rewarded with book tokens for children and 
amazon vouchers for adolescents. The Ethics Committee at the University of Surrey 
approved the study and informed written consent was signed prior to participation by parents 
and teachers and assent obtained from participants older than 16 years of age. Recruitment 
was done through the current links of schools and colleges in Surrey area that were well 
established at the begging of pilot research (see section 2.2.1 participants). The ethics 
material used from this study are located in the appendix A.
3.2.2.2. Experimental paradigm
Participants were first shown how to complete the paradigm (Figure 8) and received the 
explanation paraphrased below whilst actually performing a mock version of experiment with 
six unknown symbols/stimuli.
6 6
“The paradigm is split into two types of block, “learning” and “testing”, which alternate 
about six times. Before each block a screen will come up informing you of the next type of 
block and asking you to click the mouse to continue”.
[Participant clicks mouse to enter learning block (learn trial frame 7)]
T h is isa  learningsession... 
Clickthe m ouse when ready
“As you can see, there are two images presented on either side of a white cross (learn trial 
frame 1). When the cross turns yellow (learn trial frame 2), you must select either the left or 
the right image using the left/right mouse buttons, there is no rush, take your time. The 
princess lost in the forest trying to find her prince, you have to save the princess by choosing 
the correct symbol. Each correct response would bring the princess a step closer to the prince 
but in case of incorect choice se will move further apart and perhaps be in danger of the 
drangon.”
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m(Learn trial frame 1-2)
[Participant selects option and receives visual and aural feedback (learn trial frame S) 
positive feedback is indicated in green colour and negative feedback in red colour].
(Learn trial frame 3 -  correct choice)
6 8
c j urn
(Learn trial frame 3 -  incorrect choice)
“Congratulations / I’m sorry, you have just won / lost. You can see your score on the distance 
between the prince and the princess in the middle of screen. Your aim is to win as many 
times as possible during this game by minimising the distance between the prince and the 
princess in the centre of the screen. However, a correct response to one pair on one occasion 
does not guarantee the same correct answer for that pair on the next occasion. The best way 
to do this is to go with your gut instinct.
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[Participant clicks through 5 more trials until encountering the test block screen].
This is a quick test session... 
Clickthe mouse when ready
“This is the test block it is slightly different, here you choose left or right quickly. Go with 
your gut instinct that doesn’t mean don’t think about it at all, but you will only have two 
seconds to make your choice before programme moves on. You don’t get told if you get it 
right or wrong in this section or get any money based on this part of the experiment, however 
at the end of the block you’ll get a summary of your score”.
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{Test trials frames 1-3)
[Participant clicks through test {test trials frames 1-3) until receiving summary score “you
have 7/20 correct”].
ÏOU h a v e?  out o f 2 0 correct
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“Here you can see that the screen has gone blank, the programme is not broken, this is a rest 
period, just focus on the cross in the centre and wait until the next learning session begins. 
“Do you have any questions?”
This is a learning session ... 
Clickthe mouse when ready
In learning trials the inter stimulus interval (ISI) between frame I and 2 was 1.5s. Frame 2 
was held until the participant gave a response. Feedback (frame 3) to response was immediate 
with duration of 1.5s. Feedback consisted of a green frame around the selected symbol with a 
pleasant bell sound being played if the choice was correct followed by an animated move of 
the princess and prince closer. If the choiee was incorrect, a red frame surrounded the 
selected symbol with a deep bass drum roll sound followed by an animated move of the 
prince and princess a step back. The duration of the ISI (frame 4) between trials was 1.5s. 
During test trials ISI between frame I and frame 2 was 50ms. Symbol pairs and valence were 
randomly assigned for each participant. There were 6 test and learn blocks plus one test and 
learn block where each symbol has a 50:50 chance of being correct at the start of the 
experiment which is not analysed. Each of the ten learning blocks consisted of 21 trials, each
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pair shown 6 times. Left / right positioning was assigned randomly. The presentation was 
pseudo randomized within blocks. No pair could be shown more than 3 times conseeutively. 
For the highly valence pair (AB) then the first result for that pair in each block had to be 
compatible to expectation. During test blocks, inter trial interval was set at 200ms. Twenty 
test pairs were delivered in each block, ten with the high valence (A) symbol with C, D, E or 
F, and ten with the low valence symbol (B) with C, D, E or F. In high valence tests, selecting 
A is correct in low valence tests avoiding B is correct. Sound was delivered via standard 
headphones. Stimuli were projected onto a screen using ‘Presentation’ software 
(http://neurobehaviouralsystems.com).
3.2.2.3. Procedure
Data collection was conducted in a quiet classroom to avoid any distraction. To begin with, 
partieipants were shown the paradigm in order to familiarise themeselves with the trial 
sequence. After the demonstration participants sat at a viewing distance of 50cm from a 17” 
computer sereen with the supervision of a teacher, whom sat away from the student. The 
paradigm lasted 30 minutes.
3.2.2.4. Data Analysis
For the eurrent study test of normality was pefromed across all data. Initally, the calculation 
of RBc was conducted for eaeh individual. The proportion of correct responses to low 
valence test stimuli was deducted from the proportion of correct responses to high valence 
test stimuli. Block one is excluded to remove primary effects. The average of all sebsequent
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blocks was calculated. Normal distribution of data is indicated by Kolmogorov Smirnoff test 
£)(134) = .200,/) > .05 across the task.
3.2.3. Results
3.2.3.1. Reward Bias Coefficient (RBe)
Individual data showing the tentency to act upon positive and negative reward bias in age 
range of 7-18 years old according to gender (Figure 9). Overall, 36 boys and 35 girls are 
negative learners (N = 71), whereas 31 boys and 32 girls are positive learners (N = 63).
I
Age (years)
Figure 9 A simple scatterplot demonstrating the individual scores of positive and negative RBc during the 
“prince and princess” task. Male scores are depicted in blue points and female scores are depicted in red points. 
Points close to zero are considered as balanced learners equally learn from positive and negative RBc.
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A three-way ANOVA was used to test main effects and interactions of RBc scores as the 
dependent variable by condition (2 levels: postive or negative learners), by gender (2 levels) 
and by age groups (3 levels of 7-10,11-14 and 15-18 years old) as fixed factors.
There was no main effect of gender F(l,122) = 1.045,/) > .05 (o^= .008. Interestingly, there 
was a main effect of condition in terms of positive (M=.135) and negative learners (M = - 
.218), F(l,122) = 213.414,/) = .000 co^= .636 (Figure 10). There was no main effect of age 
groups F(2,122) = 1.265,/) > .05 .020. There was no statistically significant interaction
of gender and condition (positive or negative learners) F(l,122) = .077,/) > .05 .001.
There was no statistically significant interaction of gender and age groups F(2,122) = .190, p  
> .05 Û) .003. However, there was a statistically significant interaction of condition 
(positive and negative learners) and age groups F(2,122) = 4.989, p  =.008 (o^= .076 (Figure 
11). Finally, there was no statistically significant interaction of gender and condition (positive 
or negative learners) and age groups F(2,122) = .446, p >  .05 a>^= .007.
15
5Negative Learners Positive Learners
Condition
Figure 10 Bar graph depicting the mean of positive and negative learners in RBc. Error bars show ±1 standard 
error. Significant differences are marked at the .05 (*) level.
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Figure 11 Bar graph represents the mean of positive and negative learners in RBc by age groups (years). Error 
bars show± 1 standard error. Significant differences are marked at the .05 (*) level.
Based on the analysis above a two-way ANOVA was conducted to test main effects and 
interactions of reward bias coefficient scores as the dependent variable by gender and by age 
(7-18 years) as fixed factors. There was a significant interaction between gender and age (7- 
18 years) F ( 11, 110) = 2.188, /? = .020 o)^= .179 (Figure 11 ). There were no main effect of 
age F (1 1, 110) = . 1.002, p >  .05 ry  ^= .091 . There were no main effect of gender F (1 1, 110) = 
.276, /? > .05 co^= .002.
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3.2.3.2. Absolute values of Reward Bias Coefficient (RBc)
Individual RBc scores were converted into absolute values to better examine reward bias 
coefficient RBe across development within these age groups (7-10, 11-14 and 15-18 years 
old). There was a statistically main effect of age groups as determined by two-way ANOVA 
F{2, 128) = 4.219, /?= .017 &) .062. (Figure 12). However, there was no main effect of
gender F(l, 128) = .337, /> > .05 o)^= .003. There was no main interaction of age groups and 
gender F(2, 128) = .098, /? > .05 co^= .003. Overall, there is a noticeably larger engagement 
in Study 2 (cd^= .062) compared to Study 1 (ry  ^= .024) due to the respective effect sizes of 
the age effect.
Gender
B  Maie 
H  Female
us
cn01
Z
7-10 11-14
Age Groups (years)
15-18
Figure 12 Bar graph displays the mean of RBc absolute scores by gender and age groups (years). Error bars 
show ± 1 standard error. Significant differences are marked at the .05 (*) level.
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3.2.3.3. Comparison of the “Carrot or Stick” Task vs. the “Prince and Princess” Task
A three-way ANOVA was conducted with RBe absolute values as the dependent variable by 
study (2 levels: Study 1 and Stud 2) by age groups (3 levels: 7-10, 11-14 and 15-18) and by 
gender (2 levels) as fixed factors. There was a statistically main effect of age groups F(2, 
207) = 4.739,/? = .010 cd^= .035. (Figure 13). There was no main effect of Study F(2, 207) = 
.023, p >  .05 û)^= .000. There was no main effect of gender F(l, 207) = .057, p >  .05 =
.000. There was no significant interaction of study and gender F{2, 207) = .202, p >  .05 6?  ^= 
.001. There was no significant interaction of study and age groups F(2, 207) = .415, p  > .05 
CO .004. Lastly, there was no significant interaction of study and age groups and gender 
F(2, 207) = .769, /? > .05 6? = .007.
.30 -
o  2 0 ’
10 -
STUDY 
□  s t u d y  1
O  STUD Y2
7-tO  11-14
Age Groups (years)
15-18
Figure 13 Bar graph demonstrates the mean of RBc absolute scores by age groups (years) and by study (Study 1 
and Study 2). Error bars show ± 1 standard error. Significant differences are marked at the .05 (*) level.
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3.2.4. Discussion
The present study introduced an adapted probabilistic learning paradigm based on work by 
Frank, Seeberger and O’Reilly, (2004) in order to compare age-related differences by 
providing an action based reward feedback in children and adolescents (7-18 years old). On 
the whole, the so called the “prince and princess” probabilistic learning task introduced a 
short instructional tale in which participants flexibly made actions in pursuit of their specific 
goals on a trial and error basis. The use of a story is significant because it sets the background 
of the game and therefore making it easier for participants to understand the aim of the game 
(Rollings & Adams, 2003; Seagram & Amory, 2004; Kiili, 2005). Though, the current story 
is simple its’ meaning is engaging for each participant. Most importantly, the story can be 
educative to children and adolescents. By introducing an action based reward feedback we 
wanted to ensure that children and adolescents would comprehend the task as well as adults 
(e.g. ensuring that the child/adolescent was comfortable while playing the video game and 
reduce possible anxiety behaviour). Also, we wanted to ensure proper response time for 
children by making the task more engaging. The aim of this story was to provide participants 
with immediate feedback, clear goals and challenges, which are matched to their skill level.
To begin with. Study 2 obtained a larger sample size {N =  134) relative to Study 1 (# =  85) 
due to the behavioural results of Study 1, which indicated the importance of obtaining an 
appropriate sample size. Most importantly, a larger sample size provides the researcher with a 
better representation of the population also diminishes the influence of outliers with the data 
set. Additionally, a sufficient sample size delivers good results with significant differences 
between the variables. On the other hand a small sample size restricts the possibilities of 
forming a good analysis. Therefore, based on the limitations of Study 1, this study has 
produced useful results for better understanding reward processing during development.
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Initially, the research aim of Study 2 was to investigate whether children and adolescents 
would find this task more engaging compared to the adult-appropriate task of Study 1. The 
action based feedback of Study 2 is more engaging relative to Study 1. This was indicated 
due to the large effcet size in Study 2 (ct)^= .062) than Study 1 (û? .020). Interestingly,
behavioural and observational data from Study 2 showed that participant aged 7 to 18 years 
found the task more engaging and interesting. Overall, the task was described as fun and 
exciting. Results are in line with previous developmental reward studies, which signified the 
importance of task design in developmental populations (Bjork et al., 2004; Galvan, 2004; 
Galvan et al., 2006). The “prince and princess” task was as simple as possible without 
multiple rules therefore each chid/adolescent could follow (Bjork et al., 2004) and therefore 
use performance feedback (positive or negative) in subsequent behaviour (Galvan, 2010). In 
learning situations one future suggestion is to introduce action based reward computer games 
in education because they can create a new learning culture, which corresponds better with 
students’ habits and interests (Prensky, 2001; Kiili 2005). In the main, reward based games 
satisfy the basic requirements of learning environments and can provide an engaging learning 
environment (Norman, 1993).
Secondly, Study 2 aimed to investigate age group differences between these age groups (7- 
10, 11-14 and 15-18 years old) based on reward processing. Results indicated that 
adolescents aged 15-18 demonstrated larger reward bias (M =. 2120) than children aged 7-10 
(M = .1354) and mid-adolescents (M = .1881). Most importantly, there was sensitivity to 
negative feedback between the ages of 7-18 indicating that participants learned better to 
avoid making choices, which led to harmful outcomes (avoid endangering the princess). 
These findings are not in line with previous developmental studies (Crone et al., 2004; van 
Duijvenvoorde et al., 2008) suggesting that children (aged 8-9) tend to have reward
8 1
lower accuracy on negative trials and greater behavioural improvement after positive 
feedback presentation. According to neuroimaging data brain regions, such as the dorsolateral 
prefrontal cortex and superior parietal cortex, are more activated after positive feedback at the 
age of 8 to 9 compared to young adults aged 18-25. The transition towards an increased 
influence to negative feedback occurs at the age range of 11-13 (Crone et al., 2004; van 
Duijvenvoorde et al., 2008). Results from van Duijvenvoorde et al. (2008) indicated that 
children adjust behaviour more successfully in positive feedback than adults (18-25 years of 
age). Developmental studies show that children’s cognitive performance improves when 
presented with positive stimuli (Crone et al., 2004; Huizinga et al., 2006). However, this is 
not applicable in Study 2 since significant age group differences appeared in negative 
feedback learning from children aged 7-10 until adolescents aged 15-18.
Our results indicated that children and adolescents are capable to behaviourally adjust to 
negative feedback as young adults (18-25 years old). Additionally they are more mature in 
terms of social component of not letting the princess in danger. Perhaps, it would be 
interesting for future research purposes to test reward sensitivity from positive and negative 
feedback by using the “prince and princess” task in children aged 5-6 and examine whether 
they would demonstrate more sensitivity to positive feedback in terms of social component 
compared to our participants how managed to learn better from negative than positive 
feedback. Therefore, it should be noted this is the first study to provide evidence of 
behavioural adjustment in negative feedback from the age of 7 to 18 years. This study should 
be a hallmark for future reward based learning studies trying to uncover potential 
developmental learning mechanisms.
82
3.2.5. Conclusion
This study provided the framework of reward sensitivity to positive and negative feedback 
learning across development using a child-friendly task with animated stimuli and action 
based reward feedback. Results showed significant age differences in children (7-10) and 
adolescents (15-18) with the later age group exhibiting a greater reward bias across the task. 
More importantly, significant age differences occurred in negative learning indicating that 
children and adolescents are able to learn more from negative feedback (avoid making 
choices that lead to bad/harmful outcomes) compared to existing studies, which showed more 
sensitivity in positive feedback (Crone et al., 2004; van Duijvenvoorde et al., 2008). 
However, the underling mechanisms of behavioural differences across development are 
currently unknown consequently more studies are required to better evaluate how children 
and adolescents.
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3.3. Study Three: Reward Processing in Adults aged 19-35 (Adapted Learning 
Paradigm)
3.3.1. Introduction to Study 3
In order to assess the progression of RBc in feedback learning across the lifespan, Study 3 
used the identical probabilistic learning paradigm to that of Study 2. The aim of the Study 3 is 
to examine age-related differences based on the behavioural changes of RBc in healthy young 
adults aged 19-35 in the “prince and princess” task. The rationale of this study is to provide a 
detailed model of whether young adults learn better from positive or negative feedback when 
stimulus associations are not fully predictable, with age.
3.3.2. Methods
3.3.2.I. Participants
28 healthy adults aged 19-35 (M= 27.0 years, SD = 3.6), 14 males (M= 27.43 years, SD = 
1.98) and 14 females (M = 26.64 years, SD = 4.79), participated in the adapted paradigm 
“prince and princess” probabilistic learning paradigm lasting 30 minutes. Participation was 
reimbursed with a paid of £5. The study was approved by the University of Surrey Ethics 
Committee and informed written consent was assigned prior to participation (see appendix 
B). Participants were recruited through flyers distributed in public places in Guildford area. 
Additionally, through emails on the web/email list of the E-Newsletter for the Staff of the 
University of Surrey (NetNews) and then tested at the CNRT laboratory at the University of 
Surrey. The latter comprised appropriate space full accessibility and parking close by. Study
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3 used the “prince and princess” which is the identical for Study 3 therefore the experimental 
paradigm of Study 3 (see section 3.2.2.2. experimental paradigm) and the data analysis of 
Study 3 (see section 3.2.2.3. data analysis) can be found in Chapter Three. The ethics material 
used from this study are located in the appendix B.
3.3.3. Results
3.3.3.1. Reward Bias Coefficient (RBc)
In order to determine the positive and negative RBc learners we calculated the RBc score for 
each subject during the test phase. Figure 14 portrays these data, with each point showing the 
RBc score for a single participant according to gender (male scores are displayed in hue and 
female scores are displayed in red).
There was a statistically significant difference between RBc (positive and negative bias) and 
age factor with two levels (19-29 and 30-35) as determined by one-way ANOVA F(l,26) = 
8.086,/? = .009. Adults (30-35 years old) were staisically different (M= .2844) than younger 
adults (M=.1028) aged 19-29. The independent t-test revealed no gender differences in RBc 
/(26) = 0.922, p  = .984. Overall, 8 males and 7 females are negative learners (N = 15), 
whereas 6 males and 7 females are positive learners (N = 13).
85
0.6
0.4
0.2
- 0.2
-0.4
- 0.1
- 0 .:
3424 26 28
Age (years)
3020 22
Figure 14 A simple scatterplot demonstrates the individual scores of positive and negative RBc during the 
adapted probabilistic learning task “prince and princess” task. Balanced learners equally learn from positive and 
negative RBc are displayed on the black line. Male scores are depicted in blue colour and female scores are 
depicted in red colour.
A three-way ANOVA was used to test main effeets and interaetions of RBe seores as 
dependent variable with eondition (2 levels of positive and negative learners), with gender (2 
levels) and with age groups (2 levels of 19-29 and 30-35 years old) as fixed factors. There 
was no main effect of gender F(l,21) = .106, /? > .05 co^- .005. Interestingly, there was a 
main effect of age groups in terms of positive and negative learners F( 1,21 ) = 29.908, p  = 
.000 6) .587 (Figure 15). There was a main effect of condition F(l,21) = 11.1172, p =  .003
CO .347 (Figure 16). There was no statistically significant interaction of gender and 
eondition (positive or negative learners) F(l,21) = .978, p  > .05 (O .045. There was no
8 6
statistically significant interaction of gender and age groups F(l,21) = 1.574, p  > .05 =
.070. Finally, there was a statistically significant interaction of condition (positive and 
negative learners) and age groups F(l,21) = .438, p  =.008 co^= .020.
19-29 yrs 30-35 yrs
Age Groups
Figure 15 Bar graph indicates the mean o f RBc by age groups (19-29 and 30-35 years old). Error bars show 
±1 standard error. Significant differences are marked at the .05 (*) level.
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Figure 16 Bar graph indicates the mean o f positive and negative learners in RBc. Error bars show ± 1 standard 
error. Significant differences are marked at the .05 (*) level.
3.3.S.2. Betvyeeen Studies Comparison using Absolute Reward Bias Coefficient (RBc) scores
Individual RBc scores were converted into absolute values to better examine reward bias 
within these age groups (7-10, 11-14, 15-18, 19-29 and 30-35) (N = 161). There was a 
statistically significant difference between age groups as determined by one-way ANOVA 
F (4 ,157) = 5.221, = .001. A Tukey post-hoc test revealed that reward bias was statistically 
different in children aged 7-10 (M = . 1463) and adults aged 19-29 (M = .2629), p  = .008 and 
with adults aged 30-35 (M= .3357) p  = .008 (Figure 17).
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Figure 17 Bar graph designates the mean of RBc by age groups (years) by studies. Error bars show ± 1 standard 
error. Significant differences are marked at the .05 (*) level.
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3.3,4. Discussion
Study 3 extended previous work on reward sensitivity from positive and negative feedback 
events. Firstly, we investigated possible adult age groups differences in reward bias 
coefficient (RBc). Secondly, we carried out a direct comparison of young adults (19-35) and 
children/adolescents aged (7-18) using the adapted “prince and princess” task. Study 3 
suggested that there might be adult age differences in the kinds of information people use 
when faced with a current choice. Initially, to determine possible age-related differences in 
the “prince and princess” task we tested RBc derived from the test blocks individually. 
Behavioural results reported significant adult age group differences in RBc. Interestingly, 
adults (30-35 years old) demonstrated greater RBc {M -  .3357) than adults (19-29 years old) 
(M = .2629). Moreover, it is important to highlight that all participants demonstrated larger 
reward bias from positive and negative feedback replicating earlier results (Frank et al., 2004; 
Frank et al., 2007).
However, detailed analysis revealed significant trend towards positive reward bias indicating 
that adults within this age group learned more from positive than negative feedback events. 
These behavioural data are consistent with previous studies on adult age differences in 
learning from positive and negative feedback and suggest that these adult age differences 
indicate the way people used the information from their environment when faced with a 
current choice. In a study by Frank and Kong, (2008) younger adults had an increased 
sensitivity towards learning from positive feedback rather than avoiding making choices that 
led to negative outcomes compared to older adults. The findings are connected to models 
proposing that numerous neural mechanisms might act differently in age in terms of 
probabilistic learning. In accordance to the dopamine hypothesis of aging, on probabilistic
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learning task, low levels of dopamine lead to avoidance of choices that result in negative 
outcomes whereas, increased levels of dopamine lead to an equivalent sensitivity to positive 
outcomes. Dopamine plays a key role in the process of decision making and learning (Frank, 
2005; Frank, Moustafa, Haughey, Curran, & Hutchison, 2007; Frank & O’Reilly, 2006; 
Frank, Seeberger, & O’Reilly, 2004; Gotham, Brown, & Marsden, 1988). However, our 
behavioural results do not support the biological notion of dopamine hypothesis. But, future 
studies based on these findings are required to confirm the results of Study 3.
Our findings of reward sensitivity of positive feedback in adults (19-35), are in line with 
Simon et al. (2010) findings. Simon and colleagues (2010) discovered behavioural age group 
differences in college aged adults (M= 18.9 years) and older adults {M =  70.3 years) using 
the Frank et al. (2004) probability task. College aged adults tended to be more positive 
learners than older adults (M = 70.3 years), whereas older adults were negative learners due 
to more conservative behaviour and aging. Our findings are important for revealing diversity 
in learning from positive and negative bias and decision making. What is more our 
behavioural findings are unique for providing novel knowledge about feedback-based 
learning biases in young adulthood.
However, our data go beyond previous findings by showing age related differences in reward 
bias via a direct comparison of children and adolescents (7-10, 11-14 and 15-18) and adults 
(19-35). Reward bias magnitude is greater in Study 3 (M= .2810) compared to Study 2 (M= 
.1718). Meticulously, age related differences appeared within children (aged 7-10) and young 
adults (19-35) with the later age group having an overall greater reward bias magnitude in the 
“prince and princess” probability task. Importantly, Study 3 has provided an overall strong 
developmental trend in the ability to learn from positive and negative feedback with an
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increase to individuals’ propensity to act upon positive or negative events in the face of 
uncertainty until early adulthood. Interestingly, as discussed in Study 2, children/adolescents 
within the age range of 7-18 years old tended to be more negative learners than young adults 
(19-35 years old). Thus, both children and adolescents learned better avoid making choices 
that led to harmful outcomes (avoid the endangerment of the princess and most importantly 
the appearance of the evil dragon). Overall there was an increase in the RBc from the age of 
7-35 by directly comparing the reward bias magnitude of Study 2 (N= 134, 7-18 years old) 
and Study 3 (N = 28, 19-35 years of age). To do so, the mean of RBc from Study 3(M = 
0.2810) was subtracted by the mean of RBc from Study 2 (M = 0.1714). Then, the result 
value (0.1096) was divided by the mean of RBc from Study 2 (M = 0.1714). The new value 
(0.6397) was multiplied by 100 in order to convert it into a percentage (63.97%).
This research has indicated significant age related differences in the reward system focusing 
from early childhood until early adulthood contributing to the understanding an individual’s 
behaviour in reward processing. According to Spear (2000) learning from positive or 
negative bias increases until the third decade of life indicating that adults are more responsive 
to reward associations than adolescents and children perhaps, due to fact that the reward 
system of children and adolescents is not fully matured. This characterization of individual 
learning biases is crucial not only for educational practice but for further investigating the 
underlying key mechanisms of cognitive reinforcement learning across life and how decision 
making from early stages of development could affect future outcomes.
Based on the behavioural results from Study 2 and Study 3 it is important to add more 
knowledge by investigating age related differences in healthy adults (plus 40) by directly 
comparing this age group to children/adolescents (7-18) and young adults (19-35). Therefore,
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would adults (over 40 years old) be biased towards positive or negative feedback? Would 
adults display a more conservative behaviour and thus avoid making choices that lead to bad 
outcomes? Future research could more directly determine such research questions.
3.3.5. Conclusion
Adult age differences (19-35 years old) appeared in Study 3 with an increased sensitivity 
towards positive learning bias. Behavioural data are in line with previous studies indicating 
that feedback based learning varies upon age. Moreover, via a direct comparison of adults 
(19-35) and children/adolescents (7-18 years old) adults were positive learners compared to 
children and adolescents who were negative learners. A forth study is required to investigate 
whether adults older than 40 would be more negative learners due to undergoing age related 
changes and conservative behaviour in decision making (Frank & Kong, 2008; Simon et al., 
2010; Spear, 2000).
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3.4. Study Four: Reward Processing in Adults (40-55 years old) (Adapted Learning 
Paradigm)
3.4.1. Introduction to Study 4
This chapter reports Study 4, a follow-up to Study 2 and Study 3, designed to investigate 
reward sensitivity to positive and negative feedback in healthy adults (aged 40-55). In 
everyday life individuals are called to make a variety of decisions ranging from ordinary to 
more substantial (Carstensen, 2006). These choices are based on two important strategies in 
order to increase benefit while reducing risk. Firstly, individuals can choose choices that 
resulted in positive outcome in the past or secondly, avoid making choices that had resulted 
to negative outcomes. The combination of these reinforcement outcomes over time can create 
the “gut feeling” for making choices (Carstensen, 2006). Interestingly, as time goes by 
individuals have a resilient tendency to be more conventional when making choices 
(Botwinick, 1969). This is due to the fact that they want to be more cautious with their 
decisions to minimize risks (Deakin, Aitken, Robbins, & Sahakian, 2004). Hence the aim of 
Study 4 is to investigate whether adults are negative learners within this age group.
Based on previous studies, this phenomenon of negative learning potentially occurs due to 
reduced levels of the neurotransmitter dopamine in the basal ganglia decision making system 
(Frank, 2005; Frank, Moustafa, Haughey, Curran, & Hutchison, 2007; Frank & O’Reilly, 
2006; Frank, Seeberger, & O’Reilly, 2004; Gotham, Brown, & Marsden, 1988). Therefore, 
consistent with the dopamine hypothesis of aging, on probabilistic learning tasks, low levels 
of dopamine are strongly liked to avoid making choices that lead to negative outcomes. On 
the contrary, high levels of dopamine are strongly linked to making choices that lead to
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positive outcomes (Frank, 2005; Frank, Moustafa, Haughey, Curran, & Hutchison, 2007; 
Frank & O’Reilly, 2006; Frank, Seeberger, & O’Reilly, 2004; Gotham, Brown, & Marsden, 
1988). However, due the behavioural basis of this research we have not taken into 
consideration the biological basis of the dopamine hypothesis of aging. In the study by (Frank 
& Kong, 2008) it was found that older seniors learn better from the negative than the positive 
outcomes of their decisions. This negative bias is according to the authors is dopamine 
related as the same negative bias was found in Parkinson’s patients (low dopamine levels and 
in healthy younger adults taking drugs that reduce dopamine levels) (Frank & O’Reilly, 2006; 
Frank et al., 2004). Further, drugs that elevate dopamine levels disrupt avoidance learning in 
this task and in others (Cools et al., 2006; Frank & O’Reilly, 2006; Frank, Santamaria, et al., 
2007; Frank et al., 2004). Moreover, the increased negative bias in adults older than roughly 
70 years is in accordance with a recent study, which has shown that this age differentiation is 
associated with dramatic changes in dopamine neuronal damage (Kraytsberg et al., 2006). 
The younger seniors (aged 60) showed a numerical trend to be more sensitive to probabilistic 
positive reinforcement, but this pattern failed to reach significance. To sum up. Study 4 aims 
to test sensitivity in RBc using the “prince and princess” task compared to Study 2 and Study 
3.
3.4.2. Methods
3.4.2.1. Participants
45 healthy adults aged 40-55, 30 males and 15 females {M = 46.7 in years, SD = 5.3), 
participated in the same probabilistic learning paradigm lasting 30 minutes. Participation was 
rewarded with a payment of £5. The study was approved by the University of Surrey Ethics 
Committee and informed written consent was assigned prior to participation. Participants
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were recruited through flyers distributed in public places in Guildford area additionally 
through emails on the web/email list of the E-Newsletter for the Staff of the University of 
Surrey (NetNews) and tested at the CNRT laboratory at the University of Surrey. Study 3 
used the “prince and princess” that is identical for Study 3 therefore the experimental 
paradigm of Study 3 (see section 3.2.2.2. experimental paradigm) and the data analysis of 
Study 3 (see section 3.2.2.3. data analysis) can be found in Chapter Three (see section 3.2.2. 
methods). The ethics material used from this study are located in the appendix B.
3.4.3. Results
3.4.3.1. Reward Bias Coefficient (RBc)
Figure 18 depicts the overall individual scores in the “prince and princess” task. As 
mentioned in previous studies we calculated the RBc from the test “test” blocks. Overall, 12 
males and 8 females are negative learners (N = 20), whereas 10 males and 8 females are 
positive learners (N = 28). Normal distribution of data is indicated by Kolmogorov Smirnoff 
test D(45) = .200, p  > .05 across the task. There was a statistically significant difference 
between RBc (positive and negative bias) and age as a factor (40-55 years old) as determined 
by one-way ANOVA F(12, 32) = 2.431, p  = .022. An independent t-test revealed no gender 
differences in (^43) = 1.57, p > .05 {Mean of male participants = 0.257), {Mean o f female 
participants = 0.427).
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Figure 18 A simple scatterplot demonstrating the individual scores of positive and negative RBc during the 
“prince and princess” task. Balanced learners equally learn from positive and negative RBc are displayed on the 
black line. Male scores are depicted in blue and female scores are depicted in red colour.
A three-way ANOVA was used to test main effects and interactions of RBc scores as the 
dependent variable by condition (2 levels: postive or negative learners), by gender (2 levels) 
and by age (40-55 years old) as the fixed factors. There was a main effect of gender F(l,16) = 
9.850,/? = .006 62 .381 {Mean of male participants = .0657) {Mean offemale participants
= .1800) as shown in figure 19. There was a main effect of condition (positive or negative 
learners) F {\,\6) = 71.870, p  = .000 co .818 (Figure 20). Moreover, there was a main 
effect of age (40-55 years old) F(12, 16) = 2.972, p  = .022 co .690. There was a 
statistically significant effect of gender F(l,16) = 5.445, p  = .033 co .254 (Figure 19). 
There was no statistically significant interaction of gender and age (40-55 years old) F(7,16) 
= 1.429, /? > .05 CO .305. There was a statistically significant interaction of age and
9 7
condition (positive and negative learners) F(74, 16) = 3.480, p  = .032 o)^= .465 as depicted 
in figure 21.
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Figure 19 Bar graph demonstrates the mean of RBc by gender. Error bars show ±1 standard error. Significant 
differences are marked at the .05 (*) level.
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Figure 20 Bar graphs displays the mean of positive and negative learners in RBc. Error bars show ± 1 standard 
error. Significant differences are marked at the .05 (*) level.
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Figure 21 Bar graph shows the mean of positive and negative learners by gender and RBc. Error bars show 
±1 standard error. Significant differences are marked at the .05 (*) level.
3.4.3.2. Betweeen Studies Comparison (Study 2 & Study 3 & Study 4)
There were statistically significant differences between the age factor with 6 levels (7-10, 11- 
14, 15-18, 19-29, 30-35, 40-55) as determined by one-way ANOVA F(4, 157) = 5221,  p  = 
.001. (N = 161). A Tukey post-hoc test revealed that reward bias was statistically different in
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children aged 7-10 (M  = .1354) with adults aged 19-29 (M  = .2629) (p = .020) and with 
adults aged 30-35 {M=  .3357) (p = .021) and with adults aged 40-55 (M =  .1082) (p = .001).
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Figure 22 Mean of RBc by age groups and Studies (Study 2, Study 3 and Study 4). Error bars show ±1 standard 
error. Significant differences are marked at the .05 (*) level.
There were statistieally signifieant differenees between age factor with 6 levels (7-10, 11-14, 
15-18, 20-29, 30-35 and 40-55) and Study (3 levels: Study 2, Study 3 and Study 4) as 
determined by one-way A NO VA  F(2, 187) = 9.327, p  = .000. A Tukey post-hoe test revealed  
that reward bias was statistically different in Study 2 (M =  .1714) with Study 3 { M =  .2811), 
{p = .003) and with Study 4 (M =.1082), {p = .003).
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Figure 23 Mean of RBc by age groups and studies (Study 2, Study 3 and Study 4). Error bars show ±1 standard 
error. Significant differences are marked at the .05 (*) level.
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Figure 24 Mean o f positive and negative learners across Studies 2, 3 and 4. Error bars show ±1 standard error
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Figure 25 Overall negative and positive learners by age groups in RBc across Study 2, Study 3 and Study 4. 
Error bars show ± 1 standard error. Significant differences are marked at the .05 (*) level.
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3.4.4. Discussion
Firstly, Study 4 aimed to examine adult age differences (M= 46.8) in learning from positive 
and negative feedback using the “prince and princess” task. Secondly, this Study intended to 
carry out a detailed comparison of adults aged 40-55 with young adults 19-35 and 
ehildren/adoleseents aged 7-18. In terms of overall learning performance, behavioural results 
demonstrated adult age differences in reward bias coefficient indicating that within this age 
group participants learned equally well from positive and negative reward bias as depicted 
from previous studies using probablity tasks (Frank et al., 2004; Frank & Kong, 2008) . As in 
all previous studies of this thesis (see Study 1, 2 and 3) we tested the test blocks of each 
subject individually in order to determine the reward bias coefficient. Interestingly, this adult 
age group tended to be more sensitive to negative bias due to statistical significant differenees 
in negative learners. Furthermore, a decreased reward bias magnitude was observed in the 
“prince and princess” probability task indicating that majority of participants avoided making 
choices that led to negative outcomes. This evidence is in line with previous studies (Frank & 
Kong, 2008; Simon et al., 2010) indicating that adults (M> 46.8) make complex choices due 
to personal and social implications (medical health, financial problems) compared to younger 
adults (M= 27.03) thus, they tend to be more eoncervative and cautious in terms of decision 
making. Previous work has shown that adults aged 18-27 are less cautious when making risky 
choices compeared to older seniors aged (above 50) (Botwinick, 1969; Wallach & Kogan, 
1961; Deakin, Aitken, Robbins, & Sahakian, 2004). Therefore, we could suggest that our 
participants have sensitivity towards negative learning demonstrating that the choice or 
preference in making decisions is attributed to seek “safe” alternatives.
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Therefore, future research is required based on this probability task in older seniors (> 60) in 
order to confirm the reward sensitivity in negative bias (Frank et ah, 2004; Frank & Kong, 
2008). In Parkinson’s studies, healthy older controls were matched for age with Parkinson’s 
patients (M= 65 years) and learned equally well from positive and negative outcomes (Frank, 
Samanta, Moustafa, & Sherman, 2007; Frank et al., 2004). Based on overall findings it could 
be hypothesised that as healthy individuals get older (> 60) there would greater tendency to 
avoid negative decision outcomes with reduced positive learning, compared with younger 
seniors (M= 27 years) (Kraytsberg et al., 2006). This negative reward bias is likely dopamine 
related, as it was found was found in Parkinson’s patients with low dopamine levels and in 
healthy younger adults taking drugs that reduce dopamine levels (Frank & O’Reilly, 2006; 
Frank et al., 2004; Deakin, Aitken, Robbins, & Sahakian, 2004; Okun & Vesta, 1976; 
Wallach & Kogan, 1961).
Furthermore, Study 4 allowed a detailed comparsion of ehildren/adoleseents (aged 7-18) with 
young adults (aged 19-35) and adults (aged 40-55). Behavioural results showed a useful 
differentiation between individuals who avoid problems and those being careful on their 
decisions across the lifespan (7-55 years old). Comprehensively, significant age differenees 
were observed in the task. Most importanlty, both ehildren/adoleseents (7-18 years old) and 
adults (40-55 years) displayed a similar sensitivity towards negative bias demonstrating that 
both age groups within the “prince and princess” task avoided making harmful choices. On 
the whole via a direct comparison there was a 61,5 % decrease in the reward magnitude 
across Study 2, Study 3 and Study 4. Both behavioural and neuroimaging studies show that 
there is a strong negative relationship between age and cognitive performance across many 
types of tasks as adults get older (Samanez-Larkin et al., 2007). Literature indicates that 
adolescents respond differently than adults in motivating contexts thus age-related changes in
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stimuli processes could assist in better investigating the vulnerabilities of adolescence 
(Sturman & Moghaddam, 2012).
3.4.5. Conclusion
Study 4 demonstrated adult age differences within the age range of 40 o 55 years old in 
reward bias coefficient indicating that within this age group participants learned from positive 
and negative reward bias as depicted from previous studies using probablity tasks. From an 
overall comparison throught the studies evidence have indicated that RBc is modualted by 
age. Specifically, RBc tends to have an inverted U shape curve.
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Chapter Four: General Discussion
4.1. Overview
The central aim of this thesis was to contribute to the understanding of the key mechanisms 
of probabilistic learning change across the lifespan. To what extend healthy individuals learn 
from positive or negative feedback events within the age range of 7-55? Research in 
cognitive reinforcement learning has mainly focused on the neuromodulator of dopamine, 
which plays a key role in this learning (Frank et al., 2004). In feedback learning dopamine is 
modulated by increases in dopamine leading to learning from positive feedback and decreases 
in dopamine leading to learning from negative feedback (Frank et al., 2004; Frank, 2005; 
Frank et ah, 2007a; 2007b). However, few studies have focused on the behavioural effects of 
feedback learning changes within healthy populations. Given previous evidence we 
investigated probabilistic feedback learning in a cross sectional study covering the age range 
from 7 to 55 years. Feedback based learning has been tested using the probabilistic learning 
task “carrot or stick” by Frank, Seeberger & O’Reilly (2004) (see Study 1) and the “prince 
and princess” task (see Study 2, 3 and 4). The latter task an adapted version of the Frank et al. 
(2004), based on an action reward compared to the original task, which is based on monetary 
reward. However, both tasks sufficiently derived an individual’s reward bias coefficient 
indicating the tendency to follow reward or avoid punishement.
The aim of the empirical work in this thesis was to extend previous work by studying age- 
related differences in feedback learning across the lifespan on healthy populations. The 
probabilistic learning paradigm (Frank et al., 2004) has been well established and studying 
feedback learning affords further understanding of the extent of social and personal
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implications when individuals are faced with a current choice. More specifically, the studies 
of this thesis investigated alterations in reward bias coefficient (RBc), when stimulus 
associations are not fully predictable with age. In total, 85 participants (aged 7-18) were 
tested on the “carrot or stick” task (see Study 1) and 207 participants (aged 7-55) were tested 
on the “prince and princess” adapted paradigm (see Study 2, 3 and 4). Overall, this thesis 
contributes to this research area by providing knowledge of individuals’ behaviour during 
reward sensitivity to positive and negative feedback learning and enables the generalization 
of more accurate models of controlling experimental procedures.
4.2. Summary of Empirical Findings and Theoretical Implications
4.2.1. Study One
Study 1 attempted to test RBe using the “carrot or stick” probability task (Frank et al., 2004) 
between these age groups (7-10, 11-14 and 15-18). This study was to first to test how healthy 
children and adolescents learn from positive to negative feedback based on the current 
developmental considerations on reward processing by collecting behavioural RBc 
measurements. What is more Study 1 intended to investigate whether this developmental 
population would find the adult-appropriate “carrot or stick” task as engaging as adults.
In Study 1, results demonstrated that children and adolescents equally learned well from 
choices, which led to winning money or avoided making choices, which led to losing money 
in the task. Consequently, a parallel sensitivity towards following rewards or avoid 
punishment, in the face of uncertainty, was observed within these age groups (7-10, 11-14 
and 15-18 years of age). Hence no signifieant developmental age differenees appeared in the
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“carrot or stick” paradigm. What can be suggested here is the lack of sufficient sample size in 
each age group, which didn’t permit any possible differences within the age and gender 
variables. However, it is important to mention that all data were checked for normality. 
Therefore, Study 1 highlighted the importance of having an appropriate sample size in order 
to generate a better picture for analysis and provide useful results in quantitative research. 
Interestingly, Study 1 revealed significant mean differences in learning from positive and 
negative feedback events indicating that children and adolescents created clear 
understandings of stimuli differentiations (green coloured feedback results in winning and red 
coloured feedback results in losing). Behavioural results from Study 1 are in line with 
existing developmental research on decision-making and reward processing indicating that 
children at the age of 7 have a clear consideration of the association between the value of a 
reward and the probability of attaining that reward (Wilkening & Anderson, 1991; Crone & 
Van der Molen, 2004; Schlottman & Anderson, 1994). Therefore, Study 1 provides a good 
account of the results for participants who received positive versus negative feedback during 
stimulus information processing. Individuals managed to learn that positive feedback signals 
that a response is correct whereas, positive feedback signals a correct response. One critical 
feature of cognitive reinforcement learning is that feedback enables much of this learning.
Extended research in cognitive reinforcement learning has widely investigated the 
effectiveness of positive and negative feedback (Frank et ah, 2004; Frank, 2005; Frank et ah, 
2007a; 2007b). In some circumstances, positive and negative feedback is provided by the 
mother at home or by the teacher at school but mostly, feedback is provided automatically by 
the environment (Ashby & O’ Brien, 2007). For instance, once we place an amount of sugar 
on our tongue we instantly know that this white substance would leave a pleasant sweet 
aftertaste (Galvan, 2010). As in Frank, Seeberger, and O’Reilly (2004) feedback study on
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dopamine medication Parkinson’s disease patients’ managed to become more effective in 
positive than negative feedback. Several feedback studies have indicated that negative 
feedback is more informative than the positive feedback (Buchwald, 1962; Meyer & 
Offenbach, 1962; Ashby & O’ Brien, 2007). For instance, a negative feedback provides 
information of an incorrect decision and signals which response was correct (e.g. the other 
response) whereas, a positive feedback signals only the correct response and does not provide 
information whether the decision might have been incorrect but by chance it was correct. 
Therefore, Study 1 has found that differences between negative and positive feedback, with 
the majority of participants being negative learners.
Developmental fMRl reward studies reported that adolescents are hypersensitive to rewards 
due to different neural activation for small rewards or even in the absence of choice (Bjork et 
al., 2004; van Leijenhorst et al., 2006; 2010) compared to adults. The ventral striatum, the 
anterior insula (Breiter et al., 2001) and the medial prefrontal cortex (PFC) (O’Doherty et ah, 
2001) are all involved in reward anticipation and reward processing indicating that the 
function of these regions is not well understood during development. Moreover, the 
combination of reward activation with immature cognitive abilities biases adolescents 
towards risk-taking behaviour (Ernst et ah, 2005; Galvan et ah, 2006; van Leijenhorst et ah, 
2010) due to increased responsiveness of the ventral striatum to reward. Adolescent reward 
studies such as van Leijenhorst et ah (2010), which tested reward sensitivity in 10-12, 14-15 
and 18-23 year old participants and van Duijvenvorde et ah (2008), which tested feedback 
based learning between the age groups of 8-9, 11-13 and 18-25 years old, have highlighted 
that adolescents tend to form heterogeneous age groups due to the large variance in the age of 
participants because early developmental changes could be influenced by pubertal changes 
(Galvan, 2010). According to Spear (2000) adolescence is characterised as by a vast
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biological and social heterogeneity. The adolescent group across developmental studies 
varies in terms of age. Thoroughly, Bjork et al. (2004) tested 12-17 year old students, while 
12 years of age might be considered as early development, such individual differs 
significantly than a 17 year old student, whom is more independent and has greater sensitivity 
to rewards, also more probabilities of engaging in risk taking behaviours and has a different 
appreciation of money (the most commonly used in reward studies). Thus more effort is 
required to define participant samples in order to examine developmental changes in reward 
bias to positive and negative feedback and the significant variability in age (Galvan, 2010).
An important limitation, which is clearly related to Study 1, is the task difficulty, which 
affects adversely the cognitive performance and neural activity of developmental populations 
(Galvan, 2010). Study 1 examined whether the adult-appropriate task (“carrot or stick”) could 
be considered by children and adolescents as engaging as adults do. Based on observational 
data Study 1 revealed that both children and adolescents (7-18 years of age) described the 
task as not engaging and boring. Participants complained about the long duration of task, 
which was characterised as dull and not enthusiastic. Such evidence is in line with existing 
developmental fMRI studies indicating that such studies should aim to design developmental 
appropriate tasks in order to maximise engagement during reward based tasks (Bjork et 
al.,2004. May et al., 2004; Galvan et al, 2006, van Leijenhorst et al., 2010). Difficult tasks 
result in problematic performance due to many reasons. Firstly, children and adolescents 
would not find the adult-appropriate task as engaging as adults would. Secondly, children and 
adolescents would not comprehend it easily as adults would. Thirdly, it is important not to 
neglect making special considerations when testing children and adolescents by ensuring that 
each child/adolescent is comfortable and relaxed. To do so, some studies (e.g. Galvan et al, 
2006, van Leijenhorst et al., 2010) in order to ensure proper response time, cognitive
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performance and more engagement, they have introduced the reward task as “video games” 
by using animated stimuli or cartoons.
4.2.2. Study Two
Study 2 was designed to address the methodological concerns raised by Study 1. The “carrot 
or stick” was adult-appropriate task therefore participants did not engage properly during the 
task. When testing reward sensitivity from positive and negative feedback in developmental 
populations, researchers should ensure that the task design is child-friendly (Galvan et al, 
2006, van Leijenhorst et al., 2010; Crone & Van der Molen, 2004). As mention in Study 1, 
several developmental fMRI reward studies have introduced cartoons in their task designs or 
inserted animated stimuli to ensure proper response time (van Leijenhorst et al., 2010; Crone 
& Van der Molen, 2004), since children have longer reaction times than adults. Additionally, 
to exclude potential confusing conditions during the experimental procedure (Galvan et al, 
2006, van Leijenhorst et al., 2010). On the whole difficult task designs in developmental 
populations result in less engagement and most importantly inaccurate results on reward 
processing ,decision-making and most importantly affect cognitive performance (Galvan et 
al., 2006 Galvan 2010).
Consequently, based on the annotations of Study 1 the design of Study 2 was accomplished. 
This study aimed to utilise an adapted version of the existing probabilistic learning task (see 
Study 1). Firstly, the paradigm was context-framed. An image of a coloured background 
(forest with a castle) was inserted to match the story of the task. In order to optimise 
engagement in task we used cartoon-like stimuli (a prince, a princess and a dragon) by 
describing the task as a video game (e.g. ‘'your goal is to save the princess in this video
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game ”). The task was termed as “prince and princess” task (e.g. “you cannot let the princess 
alone in the forest -  she needs to find her prince”). Most importantly, an action based 
feedback component was added so the purpose of the task was more meaningful for children 
and adolescents and to rouse participant involvement. For each correct response both imaged 
prince and princess moved a step closer whereas, in incorrect choices both images moved a 
step back. However, both visual and acoustic feedback of Study 1 remained the same (green 
colour and pleasant bell sound indicated winning whereas, red colour with a deep drum sound 
indicated losing). As noticed in Study 1 subjects were quizzed in terms of the rationale of the 
task. Based on previous studies in adolescents (12-17) more salient stimulation is required 
compared to early adulthood (21-28) in a monetary gambling task (Burnett et al., 2010; Bjork 
et al., 2004). Additionally, age related differences appeared only during a behavioural 
gambling task in an emotional context (relief and regret) (Burnett et al., 2010; Bjork et al., 
2004). Therefore, Study 2 wanted to investigate possible age differences based on an action 
based reward feedback.
Study 2 initially tested whether children and adolescents within the same age groups of Study 
1 (7-10, 11-14 and 15-18 years of age) would find the task engaging. We assumed than by 
introducing a child-appropriate task cognitive performance would be improved and 
significant age-related differences in RBc would be revealed. There are two main findings 
from this study. The first is that behavioural results indicated overall greater reward bias 
magnitude confirming our assumptions of improved cognitive performance during the 
“prince and princess” task. Most importantly, observational data also confirmed the overall 
greater mean of RBc indicating that children and adolescents, within the same age range as in 
Study 1, were more engaging in the task by describing it as interesting, fun and exciting. For 
that reason, greater reward sensitivity from positive and negative feedback was observed.
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This finding is in line with current developmental fMRI studies highlighting the importance 
of good task design when testing reward bias (positive or negative) across development 
(Bjork et al., 2004; Galvan et al., 2006; 2010; van Leijenhorst et al., 2010).
Secondly, behavioural results have revealed age group differences in RBc. Overall, 
participants equally learned from positive and negative feedback, however, participants aged 
15-18 had greater sensitivity in RBc indicating greater cognitive performance than children 
aged 7-10 and mid-adolescents aged 11-14. Interestingly, data showed an increased 
sensitivity towards negative bias with the age range of 7-18 years of age. Our findings 
suggest that children and adolescents tend to be more negative learners in the “prince and 
princess” task. This assumption is based on statistically significant age differences in 
negative learners within children (7-10) mid-adolescents (11-14) and adolescents (15-18) 
with the latter age group having greater negative reward bias magnitude. Our behavioural 
results are not in line with recent developmental neuroimaging studies on reward processing 
indicating that children’s cognitive performance improves when positive stimuli are used (Qu 
& Zelazo, 2007; van Duijvenvoorde et al., 2008). Specifically, the dorsolateral prefrontal 
cortex and superior parietal cortex are activated after positive presentations at the age range 
of 8-9 (Crone et al., 2004; van Duijvenvoorde et al., 2008). In contrast, adults adjust their 
behaviour more successfully in negative feedback than children aged 8-11. However, at the 
age range of 12-13 developmental populations tend to shift towards negative feedback 
learning due to increased influence of negative feedback on cognitive performance (Crone et 
al., 2004; van Duijvenvoorde et al., 2008). Importantly, the neural mechanisms that support 
these behavioural differences are currently unknown. Based on these studies it has been 
suggested that children (8-9 years old) require more effort to adjust their behaviour to 
negative feedback. On the contrary. Study 2 has presented novel findings relative to feedback
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based learning across development indicating that participants leaned better from negative 
feedback by avoiding making choice that led to harmful outcomes (e.g. endanger the princess 
an lose the game). Therefore, it could be argued that children and adolescents have the basic 
mechanisms to equally learn from positive but also from negative feedback learning based on 
the informative value of feedback with focus toward valuing negative feedback compared to 
other studies supporting the opposite notion (van Duijvenvoorde et al., 2008; Davies et al., 
2004). Overall, adolescence tendency for risk-taking is associated to augmented responses to 
reward (Laviola et al., 2003) and reduced risk avoidance (Maggs et al., 1995; Wills et al., 
1994). Future developmental studies are needed to examine the motivated action, decision­
making, execution, anticipation as well as the factors, which affect the reward, related 
circuits. These factors comprise individual features for instance pubertal stage in adolescents, 
gender and personality traits) characterizing sensation seeking, risk avoidance, and reward 
sensitivity (Ernst et al., 2005).
Finally, Study 2 could elucidate how the valuation system of children and adolescents works. 
Also this research is important because provides better means of understanding how reward 
processing varies across development and opens a window into adolescent decision making. 
Finally, sensitivity towards negative learning in development could be the start to investigate 
the influence of social factors on decision making. Most participants across Study 2 were 
negative learners. Hence they didn’t want to endanger the princess this notion is based on the 
fact that participants were mature enough in terms of the social component to save the 
princess. Based on this evidence it could be argued that children and adolescents (aged 7-18) 
had moral information, which could bias the decision-making behaviour. Therefore, Study 2 
is important for providing more knowledge on how individuals respond to unfairness in a 
social context (Fareri et al., 2008). Combining these ideas could assist to further probe the
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influence of social factors in adolescent decision making and reward processing. Future 
research is required to answer questions on regarding the formation of moral beliefs and how 
these impact on in reward processing across development.
4.2.3. Study Three
Study 3 was designed based on the behavioural findings of Study 2. As previously explained 
children and adolescents learned more from negative than positive feedback F (2, 67) = 5.85, 
p  = .005 in the “prince and princess” task. On the contrary, current developmental reward 
based studies have indicated that when presented with negative feedback adults learn more 
successfully than children aged 8-9, which contradicts our findings since children (aged 7-10) 
successfully learned better from negative feedback (Crone et al., 2004; Qu & Zelazo, 2007; 
van Duijvenvoorde et al., 2008). Therefore, based on the above we were interested to further 
test RBc changes using the existing adapted paradigm in young adults (19-35 years of age). 
Therefore, Study 3 aimed to examine how reward sensitivity to positive and negative 
feedback changes in young adulthood using this action based reward task.
Firstly, behavioural results have shown an overall greater reward bias magnitude indicating 
that young adults learned equally well from positive and negative feedback (19-29 and 30-35 
years old). Interestingly, both age groups demonstrated more sensitivity toward positive 
feedback. During the “prince and princess” task participants tended to make more choices 
that led to positive outcomes (e.g. save the princess) compared to participants in Study 2, who 
tended to make more choices, which led to negative outcomes. Therefore, these behavioural 
data are in line with existing studies on reward processing in adulthood indicating more 
positive bias in young adults (M = 18.9 years) than adults (M = 70.3 years) (Simon et al..
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2010). Such learning involves a number of brain regions (striatum, prefrontal cortex), which 
undergo significant age-related differences (Schultz, 2000; Simon et al., 2010). Study 3 
revealed significant age differences across the “prince and princess” task with the 30-35 years 
old adults having greater RBc than the 19-29 years old group. According to Frank and Kong 
(2008) dopamine levels play a key role in this feedback based learning. Dopamine levels 
influence positive versus negative feedback learning as showed in the Frank et al. (2004) 
study. Increases in dopamine levels result in learning more from positive than negative 
feedback, whereas old adults tend to be negative learners due to declines in dopamine levels 
due to age changes. Our behavioural results are consistent with previous studies in which 
college aged adults (M = 18.9 years) are more positive learners compared to older adults {M 
= 70.3 years) who have more sensitivity in learning more from negative feedback (Frank and 
Kong, 2008; Simon et al., 2010). However, Study 3 has not the biological evidence to 
confirm the hypothesis of dopamine as in the study of Frank & Kong, (2008). Consequently, 
future research is required to directly substantiate our behavioural findings concerning the 
role of dopamine in feedback based learning. For example future research could potentially 
associate striatal dopamine levels of dopamine to learning biases of individuals in this action- 
based probability learning task.
Another important finding from Study 3 is the existence of as strong developmental trend to 
have more extreme bias for both positive and negative reward bias in the current probabilistic 
learning task in the “prince and princess” task. There was a 63, 97% increase in the RBc from 
the age of 7-35 by directly comparing the reward bias magnitude of Study 2 (N= 134, 7-18 
years old) and Study 3 (N = 28, 19-35 years of age). Overall, this research has indicated 
significant age related differences in the reward system focusing from early childhood until 
early adulthood contributing to the understanding an individual’s behaviour in reward
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processing. Study 3 specifies the importance of how the reward system contributes in the 
emotional process of noticeable positive or negative feedback events (Schultz, 2009). Reward 
sensitivity to positive and negative feedback could strongly influence individual decisions 
and actions and the changes between expected and real outcome can be utilised to enhance 
behaviour. The evaluation of competence and accomplishment of performance is essential in 
monitoring and employing suitable behavioural modifications. According to Ridderinkhof et 
al. (2004) individuals could use undelivered anticipated rewards in order to learn action- 
reward possibilities. Moreover, individual differences in learning cognitive performance are 
considered central in the field of educational neuroscience, in which changes in the brain 
function are associated to learning trajectories (Goswami, 2006). These aspects are 
considered to influence and motivate components that guide individual feelings and actions in 
social environment (MacDonald, 1995).
4.2.4. Study Four
Study 4 was a follow-up study to Study 3 aimed to test RBc using the “prince and princess” 
task in healthy adults aged 40-55. In this study, we intended to examine whether adults would 
be more sensitive to negative feedback due to previous work suggesting that as individuals 
get older they become more conservative in decision making thus tend to become more 
negative learners (Frank & Kong, 2008; Simon et al., 2010; Frank et al., 2007b). Findings 
have demonstrated adult age related differences across task suggesting that participants had 
more extreme reward bias or less extreme bias respectively if it was positive or negative bias. 
Results from Study 4 are in line with existing studies on reward processing (Frank & Kong, 
2008; Simon et al., 2010; Frank et al., 2007b) demonstrating that adults (aged +55) are 
characterised by risk avoidance behaviour therefore they tend to be more conservative than
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younger adults in their decisions (Frank & Kong, 2008). On the whole via a direct 
comparison across Study 2, 3 and Study 4 there was a 61,5% decrease in the reward 
magnitude at the age range of 40-55 compared to adults aged 19-35. Both behavioural and 
neuroimaging studies showed that there is a strong negative relationship between age and 
cognitive performance across many types of tasks as adults get older (Samanez-Larkin et al.,
2007). Overall, Study 4 adds evidence by demonstrating the key role of age in reward 
processing across lifespan. According to Carstensen & Mikels, (2005) as adults get older in 
age they focus more on positive emotional experiences in life by avoiding making mistakes. 
As shown in Study 4 adults aim to increase the feeling of well-being (Carstensen, 2006). This 
notion is consistent with work from Samanez-Larkin et al. (2007), in which participants 
aimed to reduce negative arousal during anticipation of negative feedback and increase the 
feeling of well-being. Findings from this line of basic research may have implications for 
scientists’ understanding of how processes underlying decision-making change with age, and 
might eventually facilitate the identification of markers for suboptimal decision-making in 
older adults.
To conclude the direct comparison of reward sensitivity from positive and negative feedback 
between these age groups (7-10, 11-14, 15-18, 19-35 and 40-55) displayed that RBc follows 
an inverted U-shaped curve when considered across the lifespan. Inverted U-shaped 
developmental curves (U-shaped curves depending on whether the dependent variable is 
positively or negatively valued) have been recognised for several cognitive processes such as 
short term memory (e.g. Zelazo et al., 2004). However, this is the first study to measure RBc 
across a wide range of ages. We found that among 7 and 18 years olds the reward bias 
magnitude is relatively low compared to 19-35 years old adults, which increases and remains 
staples until the age of 40, which declines after that. The differential sensitivity in RBc could
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provide useful information about which aspects of RBc change across the lifespan and 
provide more information about the nature of reward sensitivity from positive and negative 
feedback learning. RBc is defined by the behavioural responses and outcomes (e.g. goal 
driven behaviour and action). Children and adolescents (aged 7-18) had a smaller reward bias 
magnitude than adults (aged 19-35 and 40-55). However, adults (aged 40-55) had a decreased 
RBc compared to adults (aged 19-35). According to Zelazo et al. (2004) children and older 
adults perform poorly in working memory and executive function tasks. On the other hand, 
older children and young adults are capable in such tasks. From the perspective of the 
inverted U-shaped curve age-related changes in RBc across the lifespan could be understood 
in terms of corresponding to changes in the ability to learn from positive and negative 
feedback events in childhood and maintain them until aging. The main conclusion derived 
from this thesis is the age-related changes in reward sensitivity from positive and negative 
feedback learning using the same behavioural measurements of RBc in participants ranging 
from children to adults.
4.3. Suggestions for Future Research
This thesis raises a number of further questions that may be addressed in future work.
To begin with, future research is required to provide knowledge in reward sensitivity from 
positive and negative feedback in older healthy populations (>60 years old) using the “prince 
and princess” task. Behavioural results from Study 4 displayed a noticeable decrease in RBc 
magnitude (61,5%) in healthy adults (M= 48.6) indicating more sensitivity towards negative 
feedback learning. Older adults tend to be more negative learners due to more complex 
choices concerning medical care, financial problems (Carstensen, 2006). When making a 
choice in the face of uncertainty older adults are conservative by making a ‘safer’ than a
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risker choice. Most importantly, in healthy aging significant dopamine losses are reported 
resulting learning from negative than positive feedback (Frank, 2005; Frank et al., 2004; 
Frank & O’Reilly, 2006; Frank, et al., 2007; Frank, Santamaria et al., 2007; Frank, Woroch, 
& Curran, 2005). Generally, feedback based learning has been based on dopamine levels 
(increase dopamine results in learning from positive feedback (Frank et al., 2004). The 
dopamine theory of aging suggests that there might be adult age differences in the kinds of 
information people use when faced with a current choice (Frank, 2005; Frank et al., 2004; 
Frank & O’Reilly, 2006; Frank, et al., 2007; Frank, Santamaria et al., 2007; Frank, Woroch, 
& Curran, 2005). Consequently, a future study could potentially predict that age differences 
are likely due to individual differences in dopamine levels in older adults (>50 years of age) 
(e.g. Backman et al., 2000; Simon et al., 2010). Theoretically speaking this future study could 
test whether older adults of a given age will differ from each other in the extent to which they 
show positive against negative feedback learning biases.
Existing work in cognitive reinforcement learning (see Chapter One) has presented evidence 
of an enhanced tendency towards avoiding making choices that would lead to harmful 
outcomes in healthy adults (>60 years of age) (Simon et al., 2010; Frank & Kong, 2008). On 
the contrary, younger subjects tend to show less sensitivity in learning from negative 
feedback (Frank & Kong, 2008; Frank, 2005; O’ Reilly & Frank, 2006). Finally, future 
research is required to examine if the feedback learning relates to the social-emotional 
selectivity theory of aging (Carstensen, 2006). This thesis has presented behavioural evidence 
from positive and negative emotional understandings across the lifespan (e.g. “you should 
save the princess from the evil dragon”). According to the social-emotional theory of aging 
as adults focus on positive experiences during their life and aim to optimise the feeling of 
well-being (Charles, Mather & Carstensen, 2003; Carstensen, 2006). It is considered as a
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motivational theory, based on the human ability to monitor time with increasing age and 
appreciate time, which eventually runs out (Charles, Mather & Carstensen, 2003; Carstensen, 
2006). An understudied aspect in the field of age related differences in feedback learning is 
how older adults (>60) respond to positive and negative feedback in order to increase overall 
feelings of well-being with emotional experiences within the future time limit.
4.4. Theoretical Contribution of Research
This thesis is the first to demonstrate an age difference in learning from positive and negative 
bias across the life span via these age groups 7-10, 11-14, 15-18, 19-35 and 40-55. Generally, 
the thesis provides an important framework for understanding an individual’s behaviour to 
successfully learn from positive and negative feedback and understanding the factors, which 
contribute to individual differences in reward related processes and eventually generate 
insights relevant for therapeutic interventions in anxiety, a diathesis closely related to shyness 
and behavioural inhibition (Bar-Haim et al., 2009; 2012). Furthermore, feedback learning has 
been found to strongly associate to successful learning and it is of great importance for 
educational practice (van Duijvenvoorde et al., 2008). By comparing the behavioural changes 
in learning from positive and negative feedback researchers could have a clear distinction of 
the occurring developmental changes. This research could inspire more studies on the 
adolescent development in terms of the reward system in cognitive performance, which 
advances with age. Children and adolescents are more successful on feedback learning tasks 
in terms of positive and negative feedback (Crone et al., 2004; van Duijvenvoorde et al.,
2008). The age differences in this task create the basis for future research purposes of 
cognitive performance and provide further insights into children’s and adults processing of 
performance feedback.
122
Furthermore, our behavioural approach on reward bias has helped us to resolve limitations in 
the interpretation of findings from developmental studies on feedback processing. The current 
cognitive reinforcement learning paradigm of “prince and princess” could help resolve why 
children preform poorly on rule and reversal learning paradigms and could also account for 
individual differences in performance between children, adolescents and adults. Finally, this 
thesis contributed on the ability to make successful use of performance feedback, which 
increases with age until adulthood. This research is a good indicator how positive and 
negative feedback shifts during the lifespan.
Lastly, this research on reward processing in healthy humans could contribute in clinical 
research due to various psychiatric disorders, which are linked to reward sensitivity. 
Similarly, developmental studies have demonstrated that adolescents are vulnerable to 
gambling (Chambers & Potenza, 2003) and addiction (Chambers et al., 2003). Therefore, 
these novel behavioural findings could be useful in further examining possible dysfunctions 
in the reward system, which result to decreased motivation for seeking rewards and decreased 
social interactions or increased in specific reward seeking behaviour such as such as 
pathologic gambling (Hollander et al., 2000) or substance abuse (Koob et al., 1998). 
Moreover, dysfunctions of reward processing are strongly linked to several psychiatric 
disorders. For example, alcoholism, ADHD, autism, personality disorders, impulsive and 
compulsive behavioural-disorders (Blum, 2000).
123
4.5. Conclusions
This thesis presented novel findings, which contribute to the understanding of reward 
processing across the lifespan. This field of research is not only of theoretical interest but 
provides knowledge of individual’s likely behaviour during reward based learning and 
enables the generation of more accurate models, which provide a better mean for running 
well controlled experiments. The main reason of this thesis is the intriguing study of rewards. 
Rewards have an important contribution to individuals either as primary or as secondary 
reinforcers (Delgado et al., 2000). The thesis introduced an inverted U-shaped curve in RBc 
across the lifespan. Particularly, children, adolescents (aged 7-18) and adults aged (40-55 
years old) displayed larger bias in learning from negative feedback. On the other hand, young 
adults (aged 19-35) tended to learn more from positive feedback throughout the “prince and 
princess” task. This research highlights that both positive and negative feedback are 
important from improving cognitive performance during development (Frank et al., 2004). In 
conclusion, the behavioural results of the current research revealed a rise and fall of the RBc 
across the lifespan and showed clearly that age in the context of reward processing is a well- 
established indicator of individuals’ tendency to act upon positive or negative feedback 
events in the face of uncertainty. Finally, it was demonstrated that behaviour in response to 
reward bias provides fundamental information on how individuals learning from positive and 
negative feedback changes within the years. However the underlying mechanisms of RBc 
remain unclear but evidence from this thesis encourage effort to understand the influence of 
RBc on human development.
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Summary of project including principal aims and objectives
There is a wealth of literature demonstrating that behaviour in regard to reward is predicted 
by personality measures. An important measure in this context is the so called reward bias 
which is considered as the tendency to follow reward or to avoid punishment when one is 
uncertain. Reward bias is a behavioural measure and provides an easily obtainable index of 
individual differences in dopamine functioning that is relevant to personality factors. Recent 
research has indicated that the RBc is strongly correlated with the personality factor of 
extraversion (learn to approach reward stimuli) and negatively correlated to neuroticism 
(learn to avoid aversive stimuli) in males but not in females.
The probabilistic reward learning task ‘Carrot & Stick’ by Frank (Frank et al., 2004) has 
demonstrated inter-individual differences in seeking and avoiding reward outcomes in adults. 
These differences may be connected to personality traits. Reward Bias coefficient (RBc) 
determines the bias of individuals in terms of their tendency to take action upon positive or 
negative feedback events.
The current study aims to investigate the modification of reward bias in regards to personality 
traits in children. This project intends to investigate whether the “carrot and stick” paradigm 
of Frank et al., (2004). We personalized the Frank probabilistic learning paradigm to obtain a 
Reward Bias Coefficient (RBc) which measures the strength of bias for seeking positive 
results or avoiding negative outcomes. The objective of the project is to uncover any inter­
individual differences within the healthy population in RBc in regards to personality traits in 
children.
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Participants will be recruited from St Peter’s Catholic School in Guildford, Surrey and they 
will play a simple computer game which associates abstract symbols with winning or losing. 
After introducing the research team to children in the classroom a questionnaire will be 
administrated in a manner which also teaches children about respect for individual 
differences and personality. After that, each child will be escort to a quiet room and will be 
shown the computer experiment. The laptop study lasts 15 minutes and it is basically a 
learning experiment, additionally, this short experiment is looking for responses to win or 
lose. The main principle of the experiment is to measure the reward bias in early development 
as well as the links between personality and reward. At the end of the game children will 
collect bonus points and will receive book tokens as a gift. The gift is age appropriate and all 
children will be given a book token regardless of the result in order to avoid any discomfort. 
Later on, each score will be presented on PowerPoint in a different scale with pictures of 
different types of people emphasizing on the personality factor children were good at. By this 
action children will learn the different personality factors i.e. extraversion, and they will 
identify others people strengths and weakness.
The results of this study are beneficial to children because they will be well-educated on the 
different aspects of personality. Also the findings of the project will enhance the knowledge 
regarding reward bias in early development and not only in adults. Finally, more information 
will arise concerning the individual’s reward learning functions.
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Protocol of the project
Currently we have had a positive response with regard to our engagement from one school in 
Guildford. We are liaising with the head of the Head of Psychology/Critical Thinking and 
Music Mr Paul Soodag from St Peter’s Catholic Comprehensive School for conducting this 
study. Mr Soodag is aware of all aspects of the experiment and keen to assist and develop 
further relations with the unit which would be mutually beneficial.
Students will then be asked to individually take time out from class to undertake the 
computer experiment. This is a version of that used by Frank et al, (2004). The aim of the 
experiment task is to measure the “reward bias” of the child. Reward Bias measures an 
individual’s propensity to learn better from either positive or negative reinforcement. The 
game presents two abstract symbols at a time and the child must learn which symbols are 
more likely to win points and which ones likely to lose points. Children play the game for 
-120 trials, the entire game takes approximately 12-15 minutes to complete (including 
instruction). All children are whose parents have consented are given the opportunity to play. 
The experiment is designed to ensure that all students do well by the end of the experiment so 
that no child senses failure at the end of the game. All children in the class will be given a 
book token independent of participation or not. All children with consenting parents will be 
tested however data from children requiring additional supervision will not have their data 
included in the study.
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All digital data will be made anonymous with only the original paper questionnaire carrying 
participant’s name, date of birth and participant ID number. Paper data will be kept secure as 
described upon the application form.
rk
" T
Figure 26 The figure above: indicates the screens presented to the children. They are likely to have colour 
changes to make them more ‘child-friendly’ but will essentially be the same.
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Information letter for participants
Dear Parent or Guardian:
The Clinical Neuroscience team at Surrey University is conducting a research project on 
reward learning in early development. We will like to request permission for your child to 
participate.
The current study is a laptop experiment which will assess potential links between 
development and reward. Meaning that the project will examine how individuals can act on 
reward and vice versa in children. It is interesting to examine the relationship between the 
development in adolescents and reward learning. Rewards are considered several objects or 
events that produce behaviour and consumption, constructing learning of such behaviour, and 
form outcomes of economic decision making. Rewards are essential for individual and gene 
survival. Also, they maintain elementary processes such as drinking, eating, and 
reproduction. Rewards provoke changes in observable behaviour and act as positive 
reinforces by increasing the frequency of the behaviour those results in reward.
The experiment lasts 15 minutes which asks children to gain points by picking the correct 
symbol. All children at the end of the experiment will receive book tokens regardless of their 
results. This task proposes the analysis of Reward Bias and whether it is present in 
prepubescent children.
Participation in this study is voluntary. Your decision whether or not to allow your child to 
participate will not affect the services normally provided to your child by the school. Even if
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you give your permission for your child to participate, your child is free to refuse to 
participate at any time.
We look forward to working with your child. We think that our research will be enjoyable for 
the children who participate and will help them to learn about identity and personality.
Georgia Eleftheriou
PhD Student
School of Psychology
University of Surrey
Email: g.eleftheriou@surrev.ac.uk
Dr Adam McNamara 
University of Surrey
Email: http://www.fahs.surrev.ac.uk/cnrt/ 
a.mcnamara@surrev.ac.uk
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Information letter for participants (16-18 years old)
Dear participant:
The Clinical Neuroscience Team at Surrey University is conducting a research project on 
reward learning in children and young people. We would therefore like to invite you to 
participate in our study.
The aim of our study is to better understand how children and young people learn through 
incentives and rewards. For this purpose we are asking you to do a short test on a computer 
laptop where you have to pick correct symbols to collect points. The experiment is easy and 
will take about 30 minutes to complete. We know that you are busy and therefore provide 
Amazon Vouchers for your participation.
Participation in this study is voluntary. We recognize that you are busy and therefore provide 
Amazon Vouchers to acknowledge your effort. Your decision whether or not you want to 
participate depends on you. Even if you give your permission to participate, you are free to 
withdraw from the experiment at any time.
We look forward to working with you. If you have any further questions or want to discuss 
the project with the group leader. Professor Annette Sterr, please don’t hesitate to contact 
Georgia using the details below.
Georgia Eleftheriou
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Doctoral Student at the University of Surrey 
Department of Psychology 
University of Surrey
Email: http://www.fahs.surrev.ac.uk/cnrt/ 
geOOO 12@surrev.ac.uk
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Consent Form
• I the undersigned voluntarily agree for my child to take part in the study on reward 
learning in regards to personality traits in children.
• I have read and understood the Information Sheet provided. I have been given a full 
explanation by the investigators of the nature, purpose, location and likely duration of the 
study, and of what my child will be expected to do. I have been advised about any 
discomfort and possible ill-effects on my child’s health and well-being which may result. I 
have been given the opportunity to ask questions on all aspects of the study and have 
understood the advice and information given as a result.
• I agree to comply with any instruction given to the child during the study and to co­
operate fully with the investigators. The child shall inform them immediately if he or she 
suffer any deterioration of any kind in the health or well-being, or experience any unexpected 
or unusual symptoms.
• I understand that all personal data relating to volunteers is held and processed in the 
strictest confidence, and in accordance with the Data Protection Act (1998). I agree that I will 
not seek to restrict the use of the results of the study on the understanding that my child’s 
anonymity is preserved.
• I understand that my child is free to withdraw from the study at any time without needing 
to justify his or her decision and without prejudice.
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• I confirm that I have read and understood the above and freely consent to my child 
participating in this study and agree to comply with the instructions and restrictions of the 
study.
Name of parent/guardian (BLOCK CAPITALS) ..........................................
Signed ..........................................
Date................................................................................................... ............................................
Name of researcher/person taking consent (BLOCK CAPITALS) ..........................................
Signed ..........................................
Date................................................................................................................................................
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Appendix B
#  UNIVERSITY OF
# SURREY
Elhtes Committee
Mise Georgia Eleftheriou 
School of Psychology 
FAH6
05 October 2012 
Dear Mss Eleftheriou
The m odification of reward learning In adults 
EC/201W1/FAHS
I am writing to Inform you that the Chairman, on behalf of the Ethics Committee, has 
considered the Amendments requested to the above protocol and has approved them on 
the understanding that the Ethical Guidelines for Teaching and Research are observed. 
Please be advised that the Ethks Committee Is able to audit research to ensure that 
researchers are abiding by the University requirements and guidelines.
If the project includes cflsfrlbution of a survey of questionnaire to members of the University 
community, researchers are asked to Include a statement advlang that the project has been 
reviewed by the University’s Ethics Committee.
Date of confirmaticm of ethical opinion; 26 June ^ 1 0 .
Date of favourable ethical c^inlon of amendment to protocol: 5 October 2012.
The list of amended documents reviewed and approved by the Chairman is as follov^:-
Information Sheet for Participants
Consent form
SunreyNet adVWsement
Youm sincerely
Alison Cummings
Secretary, University Ethics Committee 
Academic Registry
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Information letter for participants
UNIVERSITY OF
SURREY
Dear participant
The Clinical Neuroscience Team at Surrey University is conducting a research project on 
reward learning in children and young people. We would therefore like to invite you to 
participate in our study.
The aim of our study is to better understand how children and young people learn through 
incentives and rewards. For this purpose we are asking you to do a short test on a computer 
laptop where you have to pick correct symbols to collect points. The experiment is easy and 
will take about 30 minutes to complete. We know that you are busy and therefore provide 
Amazon Vouchers for your participation.
Participation in this study is voluntary. We recognize that you are busy and therefore provide 
Amazon Vouchers to acknowledge your effort. Your decision whether or not you want to 
participate depends on you. Even if you give your permission to participate, you are free to 
withdraw from the experiment at any time.
We look forward to working with you. If you have any further questions or want to discuss 
the project with the group leader. Professor Annette Sterr, please don’t hesitate to contact 
Georgia using the details below.
Georgia Eleftheriou
168
Doctoral Student at the University of Surrey 
Department of Psychology 
University of Surrey
Email: http://www.fahs.surrev.ac.uk/cnrt/ 
geOOO 12@surrev.ac.uk
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UNIVERSITY OF
_  SURREY
Consent Form for participants (19-55 years old)
• I the undersigned voluntarily agree to take part in the study on reward learning.
• I have read and understood the Information Sheet provided. I have been given a full 
explanation by the investigators of the nature, purpose, location and likely duration of the 
study, and of what I will be expected to do. I have been advised about any discomfort and 
possible ill-effects on my health and well-being which may result. I have been given the 
opportunity to ask questions on all aspects of the study and have understood the advice and 
information given as a result.
• I agree to comply with any instruction given to me during the study and to co-operate 
fully with the investigators. I shall inform them immediately I suffer any deterioration of 
any kind in the health or well-being, or experience any unexpected or unusual symptoms.
• I understand that all personal data relating to volunteers is held and processed in the 
strictest confidence, and in accordance with the Data Protection Act (1998). I agree that I will 
not seek to restrict the use of the results of the study on the understanding that my anonymity 
is preserved.
• I understand that I am free to withdraw from the study at any time without needing to 
justify his or her decision and without prejudice.
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• I confirm that I have read and understood the above and freely consent to participating in 
this study and agree to comply with the instructions and restrictions of the study.
Name of participant (BLOCK CAPITALS)
Signed
Date
Name of researcher/person taking consent (BLOCK CAPITALS)
Signed
Date
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Surrey-Net Add
Request for research participants
For our studies on LEARNING THROUGH REWARD AND In c e n t iv e s  we urgently need 
participants aged 19-55 years old. If you can spare 30 minutes of your time and like to obtain 
£5 please get in touch with Georgia (geOOO 12@surrev.ac.ukL The study involves completion 
of a computer game -  type test. The protocol has received favourable ethical opinion. The 
test will take place in the Clinical Neuroscience lab, headed by Professor Sterr. Our study 
program aims to improve our knowledge on learning in adulthood childhood and also the 
brain mechanisms helping young people to learn.
For further information or to sign-up for the study please contact
Georgia Eleftheriou 
PhD student
School of Psychology (03AC04)
Faculty of Arts and Human Sciences 
Email; g.eleftheriou@surrev.ac.uk
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